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The study of multiphase flow in porous media is highly relevant to many problems of 
great scientific importance, such as CO2 storage and enhanced oil recovery. Even 
though significant progress has been made in these areas, many challenges still 
remain. For instance, the leakage of stored CO2 may occur due to the capillary 
trapping failure of cap rock. Approximately 70% of oil cannot be easily recovered 
from underground, because the oil is held in tight porous rocks. Although CO2 
storage and enhanced oil recovery are engineering processes at a geological scale, 
they are predominantly controlled by the transport and displacement of CO2 and 
reservoir fluids in aquifers and reservoirs, which are further controlled by wetting 
and fluid properties at pore scale. This work focuses on experimental investigations 
of pore-scale wetting and displacement of fluids and CO2 in porous core samples.  
 
Pore wetting, which has been measured based on contact angle, is a principal control 
on multiphase flow through porous media. However, contact angle measurement on 
other than flat surfaces still remains a challenge. In order to indicate the wetting in a 
small pore, a new pore contact angle measurement technique is developed in this 
study to directly measure the contact angles of fluids and CO2 in micron-sized pores. 
The equilibrium and dynamic contact angles of various liquids are directly measured 
in single glass capillaries, by studying the effects of surface tension, viscosity and 
chemical structure. The pore contact angles are compared with the contact angles on 
a planar substrate. The pore contact angle of a confined liquid in a glass capillary 
differs from the contact angle measured on a flat glass surface in an open space. 
Surface tension is not the only dominant factor affecting contact angle. The static 
contact angle in a glass pore also varies with liquid chemical structure. Viscosity and 
surface tension can significantly affect the dynamic pore contact angle. A new 
empirical correlation is developed based on our experimental data to describe 
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dynamic pore wetting.  
 
The CO2-fluid contact angle in porous media is an important factor affecting the 
feasibility of long-term permanent CO2 storage. It determines CO2 flow and 
distribution in reservoirs or aquifers, and thus ultimately finally the storage capacity. 
CO2-fluid contact angles were measured in small water-wet pores and oil-wet pores, 
investigating the effect of CO2 phase (gas/liquid/supercritical). The CO2 phase 
significantly affects the CO2-fluid contact angle in an oil-wet pore. Supercritical 
CO2-fluid contact angles are larger than gas CO2-fluid contact angles, but are smaller 
than liquid CO2-fluid contact angles. However, this significant CO2 phase effect on 
contact angle was not observed in a water-wet pore.  
 
Another key issue considered in this study is two-phase flow displacement in porous 
media. This strongly relates to the important macroscopic parameters for multiphase 
flow transport in porous media, such as capillary pressure and relative permeability. 
Here CO2-water displacements are studied by conducting CO2 flooding experiments 
in a sandstone core sample, considering the effects of CO2 phase, pressure and CO2 
injection rate. The capillary pressure-saturation curve, water production behaviour 
and relative permeability are investigated for gas CO2-water, liquid CO2-water and 
supercritical CO2-water displacements in porous media. The pressure-dependant 
drainage capillary pressures are obtained as a result of CO2-water interfacial tension. 
Various water production behaviours are obtained for gas CO2-water and liquid 
CO2-water displacements, mainly due to the effect of CO2 dissolution. The 
significant irregular capillary pressure-saturation curves and water production 
behaviors can be observed for the supercritical CO2-water displacements. The water 
and CO2 relative permeabilities for CO2-water displacements in a porous media are 
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Chapter 1: Introduction 
 
1.1 Project Background and Motivation 
The geological storage of CO2 has become one of the most promising technologies 
with the potential to mitigate CO2 from the combustion of fossil fuel to greenhouse 
gas control (Figure 1.1) [1]. Saline aquifers and oil reservoirs have been estimated to 
have the largest CO2 storage capacities world-wide. If the depleted oil reservoir is 
considered for CO2 storage, the injected CO2 will enhance the recovery of oil trapped 
in porous rock. This will reduce the cost of CO2 storage and make it much more 
feasible [2].  
 
The geological storage of CO2 and enhanced oil recovery involve engineering at a 
geological scale, but the important mechanisms and operation are controlled by 
colloid and interfacial phenomena at pore scale [3]. For these processes, injected CO2 
and other fluids must be delivered not only to large geological cracks, but also 
micron-sized or even nano-sized pore space (Figure 1.2). The transport of CO2 and 
reservoir fluids in confined spaces is governed by fluid-fluid and rock-fluid 
interactions, wettability, fluid surface tension and viscosity, the chemical properties 
of fluids and pore surfaces, reservoir conditions, such as temperature and pressure, 
and pore structure [4-6]. Most of these factors are interrelated. We do not exactly 
know the impact of individual factors on the transport of CO2 and reservoir fluids, 
and neither is the relative importance of the various factors mentioned above known. 
A proper understanding of the significance of these factors could enhance the 
understanding of the long-term subsurface storage of CO2 and improve oil recovery 
efficiency.  





Figure 1.1 Overview of Geological Storage Options [7] 
 
 
Figure 1.2 Carbon Storage – Geologic sequestration in deep saline formation [8] 
 
A deep geological formation can be regarded as a capillary system, since fluid-fluid 
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transport is mainly governed by capillary action. The magnitude of capillary force is 
not usually large, but its effect could be considerable. For instance, CO2-water 
capillary pressure characteristics in porous media have a dominant effect on the 
relative permeabilities of CO2 and water, and thus control how fluids flow and 
distribute in the porous-structured subsurface. In addition, capillary forces are 
responsible for fluid-fluid displacement mechanisms at a pore scale, and therefore 
then determine CO2 injectability and the sealing capacity of geological formations.  
 
Capillary force is associated with interfacial tension and the contact angle in 
fluid-rock systems. They are two of the most important macroscopic parameters for 
multiphase flow transport in porous media. For instance, because the interfacial 
tension and contact angle of fluids in hydrocarbon/water systems are greatly different 
from those in CO2/water systems, the sealing capacity of the caprock is significantly 
altered once its original hydrocarbons in a reservoir are replaced by CO2 [9, 10]. The 
fluid-fluid interfacial tensions under various reservoir conditions have been 
thoroughly investigated by considering the effects of CO2 phase, brine composition, 
pressure and temperature. Consistent findings concerning interfacial tension have 
been obtained by most previous studies [4, 11-18]. However, the wetting behaviour 
of CO2-fluids is controversial [4, 12, 16, 19-25]. Moreover, because of wetting 
(contact angle) measurements on other than planar substrates still remains a 
challenge, it is commonly assumed that the contact angle on a flat surface can 
represent the wetting conditions in a pore. This might be true in some cases, but 
deserves to be properly assessed [26]. In order to indicate the pore wetting correctly 
and to avoid the use of inappropriate contact angles in cases of porous surfaces, a 
new experimental method [27, 28] has been developed in this PhD project to directly 
measure the contact angles of fluids and CO2 in micro-size pores, by considering the 
effects of surface tension, viscosity, chemical structure and CO2 phase. In addition, 
the capillary pressures, displacement behaviours and relative permeabilities of CO2 
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(gas, liquid and supercritical)-water-sandstone systems are also studied using 
two-phase core flooding experiments. 
 
1.2 Thesis Structure  
This thesis contains 9 chapters. 
 
Chapter 1 gives an introduction to the thesis in terms of the project background, 
motivation and objectives. The scientific merit and significance of the work is briefly 
discussed. Chapter 2 provides the relevant theoretical background and literature 
review of this project. Concepts of wetting, interfacial phenomenon, capillary actions 
and multiphase flow in porous media and related fundamental theoretical equations 
are explained. Chapter 3 describes the materials and the main experimental 
methodologies used, such as a novel micron-sized pore wetting measurement 
technique developed in this project and a two-phase core flooding experimental 
apparatus.  
 
The main body of the thesis is from Chapter 4 to Chapter 8. These five chapters 
present the micron pore-scale experimental results and discussions of the pore 
wetting of fluids and CO2, and CO2-water displacement behaviour in porous media.  
 
Chapter 4 investigates the static contact angles of various liquids directly measured 
in single glass capillaries, and indicates that the contact angles measured in a glass 
pore differ from those measured on a flat glass surface in an open space. 
 
In Chapter 5, dynamic wetting behaviour in a glass pore is studied. The dynamic 
contact angles for various liquids imbibed into single glass capillaries are measured, 
in order to describe the dependence of the dynamic contact angle on imbibition rate 
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(interfacial velocity) and the effects of surface tension and the viscosity of liquid on 
the dynamic contact angle in a pore. A new empirical correlation is developed to 
describe the dynamic wetting in a pore in a low capillary number regime. Blake’s 
molecular-kinetic theory is also used to explain our experimental dynamic pore 
contact angle results. 
 
Some of the results in Chapters 4 and 5 imply that the chemical structure of liquids 
might affect glass pore wetting. Thus, the effect of the chemical structure of organic 
substances on glass pore wetting is discussed in detail in Chapter 6. Contact angles of 
a range of pure amphiphilies and amphiphilie aqueous solutions in a glass pore are 
measured, in order to reveal the effect of the chemical structure of organics on glass 
pore wetting in terms of functional group, alkyl chain length and chain structural 
isomer. 
 
In Chapter 7, the gas/liquid/supercritical CO2-fluid contact angles in single oil-wet 
and water-wet pores are directly measured, by considering the effect of CO2 phase 
(gas, liquid and supercritical). The results can significantly advance the 
understanding of pore wetting phenomena for the CO2 storage process.  
 
Chapter 8 presents the experimental results for gas CO2-water, liquid CO2-water and 
supercritical CO2-water displacements in a sandstone core sample. The effects of 
CO2 phase, pressure and CO2 injection rate are considered. Several important 
macroscopic parameters in geological carbon storage, such as capillary pressure, 
water production behaviour and relative permeability, are investigated. 
 
Chapter 9 presents the main findings and highlights the significance of the study. The 
limitations, weaknesses and flaws of the work are addressed and emphasized, and 
future work is also proposed. 
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Chapter 2: Theoretical Background and 
Literature Review 
 
2.1 Enhanced Oil Recovery 
Global oil demand has been rising progressively for the past five decades. The 
barrels of oil equivalent per day (boe/d) significantly increased from 55 million boe/d 
in 1960 to 227 million boe/d in 2008 [1]. This increase will continue due to rapid 
economic development and increased energy consumption. By 2030, world energy 
demand is predicted to be 40% higher than present demand [1]. Currently, the main 
oil sources are mobile oil in mature oil reservoirs recovered by conventional methods 
(primary and secondary recoveries). The world average oil recovery factor from 
hydrocarbon reservoirs remains at only around 30%. If the oil recovery factor can be 
enhanced beyond the current level, this would significantly boost the global energy 
supply.  
 
Primary and secondary oil recoveries mainly aim to extract mobile oil in oil fields. 
As shown in Figure 2.1, less than 30% of oil can be readily extracted from the 
reservoir at the primary recovery stage [1]. The oil can be driven up to the surface by 
significant underground surplus pressure. For secondary recovery, water flooding and 
increasing reservoir pressure would be applied to recover more oil. However, at least 
50% of the original oil in place (OOIP) cannot be recovered and is still left in the 
reservoirs [2]. 
 
Enhanced oil recovery (EOR), also termed tertiary recovery, is a generic concept for 
techniques used to improve crude oil extraction from hydrocarbon reservoirs [3-5]. 
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EOR processes attempt to continue to recover the immobile oil stuck in the reservoir 
rocks beyond the secondary recovery. Since EOR can enhance the average oil 
recovery factor to more than 50%, or even up to 80%, it is closely related to oil 
prices and overall economics [6]. EOR methods involve thermal treatment, gas or 
chemical injection and others (Figure 2.1).  
 
The oil reservoir has a porous-structured architecture, containing reservoir fluids and 
gas, such as oil, water, CO2, air, and methane. During the recovery process, the 
efficiency of fluid displacement is predominately determined by interactions among 
the multiphase flows in porous media. The interactions among the fluids in porous 
rocks are mainly reflected by interfacial tension and wettability (contact angle) [7, 8], 
which ultimately affect oil recovery processes. The interfacial tensions among 
reservoir fluids have been widely investigated, but the experimental research on 
wettability in small pores is sparse. Thus this study focuses on the experimental 
investigation of the contact angles of fluids and CO2 in micron-sized pores, as well as 
their displacement characteristics in porous media. 
 
Figure 2.1 Oil recovery defined by the Society of Petroleum Engineering (SPE) [9, 
10] 
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2.2 CO2 Storage 
The geological storage of anthropogenic CO2 has been regarded as one of the most 
important technologies potentially to mitigate greenhouse gas emissions [11]. Here, 
CO2 is injected into deep subsurface repositories, typically saline aquifers and 
depleted oil reservoirs, for safe and permanent storage [12, 13] (Figure 2.2). In 
depleted oil reservoirs, the injected CO2 performs as a solvent which is miscible with 
oil. The solution of CO2 can swell the oil, make crude oil lighter, reduce surface 
tension and viscosity, detach the oil from the rock surface, and thus favour the 
displacement of unrecovered residual crude oil. A joint field-scale project for a 
combination of CO2 enhanced oil recovery and CO2 storage has been undertaken in 
the Weyburn oilfield [3].  
 
 
Figure 2.2 Concept of CO2 geological storage [14] 
 
A variety of tapping mechanisms could keep the underground CO2 immobilized and 
securely stored, which are structural trapping, residual/capillary trapping, solubility 
trapping and mineral trapping. However, these act at various timescales and with 
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different trapping contributions [15], as shown in Figure 2.3. 
 
 
Figure 2.3 CO2 storage mechanisms at various timescales [16] 
 
 In structural trapping, also called hydrodynamic trapping, the buoyant CO2 is 
suppressed by low-permeability layers, and this is generally regarded as one of the 
most dominant trapping mechanisms involving a physical trap [17, 18]. Once the 
CO2 is injected, it will perform less dense and more buoyant than the other fluids. 
Thus, the CO2 will percolate up through the porous rock until it reaches the low 
permeability layer or impermeable layer of rock which is able to curtail upward 
CO2 migration. The low permeability layer at the top of the aquifer is usually called 
cap rock, which plays the role of a closed dome to prevent any lateral escape, as 








Figure 2.4 CO2 structural trapping: the buoyant CO2 is trapped by low-permeability 
layers [19] 
 
 In residual trapping, also termed ‘capillary trapping’, CO2 breaks up into small 
ganglia that are immobilized by capillary forces [18, 20-22]. As the CO2 is injected 
into the formation, a plume of CO2 displaces fluids (such as water or brine) from 
the porous rock. Sometimes the displaced water re-enters the pore at the trailing 
edge of the CO2 plume. Consequently, CO2 is disconnected and trapped in pores by 
capillary pressure (Figure 2.5). Capillary trapping is of great significance for 
securing CO2 storage on a short timescale. Hesse and Tchelepi state that most of 
the injected CO2 can be immobilized by capillary trapping [20]. Capillary trapping 
and structural trapping happen over short timescales, and are dominated by 
two-phase flow dynamics [23].  
 
              (a)                               (b) 
Figure 2.5 CO2 capillary trapping in rock pores (a) [19] and in a single glass 
capillary (b) 
 




 In solubility trapping, CO2 dissolves in the formation of the aqueous phase or 
residue oil [18, 24, 25] (Figure 2.6). As CO2 dissolves in fluids, the salt water (eg. 
Brine) containing CO2 is denser, compared with the surrounding fluids. It therefore 
sinks down to the bottom of the rock along with time rather than rising upwards, 
trapping the CO2 even more securely. 
 
Figure 2.6 CO2 Solubility trapping: CO2 dissolves into brine and sinks down to the 
bottom of formation for storage [19] 
 
 Mineral trapping is where the dissolved CO2 reacts with carbonate or silicate 
minerals to form solid precipitation [18, 26-30] (Figure 2.7). 
 
 
Figure 2.7 Rocks lock CO2 into stable mineral forms [31] 
 
Before being feasible for safe CO2 storage, a number of technical issues must be 
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comprehensively understood; otherwise, premature leakage may occur. It is accepted 
that interfacial interactions among CO2, reservoir fluids and minerals initially 
determine the success of CO2 storage [23, 32-34]. Most interfacial interaction relates 
to wettability, interfacial tension, capillarity and interface mass transfer. Among these 
factors, wettability has a dominant effect on capillary pressure [23, 34], phase 
distribution [7] and relative permeability [23]. These are of major significance for the 
CO2-fluid displacement mechanism [7]. For instance, long-term CO2 storage is a 
quasi-static condition which is closely controlled by the capillary breakthrough 
pressure at the pore throat. For a given pore structure or size (d*), the CO2 
breakthrough pressure (Pc* = 4γcosθ/d*) is determined by fundamentally important 
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2.3 Wetting  
2.3.1 Surface Tension 
Surface tension is the one of the most significant properties in interfacial and colloid 
phenomenon. It stems from the cohesive nature of liquid matter, showing a 
contractive tendency of the liquid surface. In the bulk of the liquid, each molecule is 
surrounded by sufficient molecules and pulled equally by neighbouring molecules in 
every direction, so that the net force is entirely balanced and equals zero. However, 
there is no molecule above the surface molecule; the force balance is broken at the 
surface, which leads to an attractive force pulling the surface inwards (Figure 2.8). In 
other words, surface tension is caused by the imbalance of molecular force at the 




Figure 2.8 Schematic illustration of surface tension for a drop of liquid in air [36] 
 
In order to increase the surface area of a drop, external work must be done to move 
the interior molecules to the new surface. The surface tension (energy) (γ) is defined 
as the work consumed (ΔW) per unit of new surface area formed (ΔA): 








   
  
  
   
     
  
 




                                 (2.1) 
 
where γ is surface tension in dynes/cm or N/m, F is the force acting on the surface 
(dynes or N), R is the drop circle radius (m), and L is the length of the line that the 
force acts on perpendicularly (m). 
 
 
2.3.2 Fundamentals of Wetting and Contact Angle 
Wettability, or the degree of wetting, is the tendency of a liquid to keep contact with 
or adhere to a solid surface. Wetting is one of the most common interfacial 
phenomena in nature and in technological applications. In addition to their 
applications to colloids, membranes, metallurgic powders and biophysical media and 
some fundamental practical processes, such as cleaning, coating, drying and adhesion 
[37-42], the wetting phenomena of fluids within porous media have been intensively 
investigated for oil/gas recovery from reservoir rocks and carbon storage [43, 44].  
 
 
2.3.2.1 Young’s Equation 
The wetting process can be characterized by the three-phase (solid-liquid-vapor) 
contact line as a consequence of the combination of adhesive and cohesive forces. 
The three-phase contact line generates a contact angle. The contact angle is regarded 
as the primary parameter in wettability studies, or it indicates the degree of wetting 
when a liquid and solid interact. In general, a small contact angle of less than 90° 
represents high wettability, while a large contact angles larger than 90° correspond to 
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low wettability. Once an equilibrium status is reached, the three-phase contact line no 
longer moves at this state of the minimal excess of the total free energy of the system. 
The contact angle at equilibrium is defined as the equilibrium contact angle (θ ), 
which relates the surface energies (solid, liquid-solid and liquid surface tensions) 
according to Young’s equation (Equation 2.2) [45] (Figure 2.9). The contact angle 










 (mN/m) and γ
  
 (mN/m) are the solid-vapor, liquid-vapor 
and solid-liquid interfacial tensions respectively.  
 
For the static case, the work of adhesion (W) can be expressed in terms of the surface 
tension [46] and equals the change in free energy of the system, 
 






,                                             (2.3) 
                                                 
Substituting equation (2.2) into (2.3), the work of adhesion (W) can be obtained as a 
function of the contact angle [47]: 
 
   θ   γ
  
       θ ,                                           (2.4) 
 
 
Figure 2.9 Pictorial representation of Young’s equation. 




However, Young’s equation has been the subject of much controversy [48]. It is 
necessary to note that Young’s equation has limitations in describing the contact 
angle of liquids due to the non-ideal nature of surfaces, even though this equation is 
well established thermodynamically. Young’s equation is not valid unless the 
following assumptions are satisfied for surfaces [49]: 
 
 The surface should be ideal, smooth and homogenous. 
 The surface should be physically and chemically inert to the liquid and 
sufficiently hydrophobic to produce an apparent contact angle to be accurately 
measured. 
 The line tension contribution can be neglected. 
 All interfacial tensions are unchanged. 
 
Based on Young’s equation, the wettability of an ideal certain solid flat surface is 






 can give a 
unique contact angle. However, due to the existence of many metastable states of a 
droplet of liquid on a solid surface, observed contact angles are usually not 
equivalent to the Young contact angle. The static/equilibrium contact angle is not 
adequate to describe the wetting behaviour in some cases. On a non-ideal surface, the 
contact angle formed by expanding the liquids would be different from that generated 
by contracting the liquid. These two contact angles under unsteady status are called 
dynamic contact angles. (Figure 2.10) The former is termed the advancing contact 
angle; and the latter is called the receding contact angle. They represent the 
maximum and minimum contact angles when the advancing and receding contact 
lines respectively begin to move. The difference between the advancing contact angle 
 θ   and receding contact angle  θ   is termed the contact angle hysteresis [50]. 
 






           (a)                  (b)                (c) 
 
Figure 2.10 (a) Advancing and receding contact angles induced by the drop method; 
(b) advancing and receding contact angles captured by the tilting base method; (c) 
dynamic contact angles of the water meniscus in the exposure head. 
 
 
2.3.2.2 Modified Young’s Equation 
The classic Young’s equation shows that the contact angle of a liquid drop does not 
depend on drop size. Nevertheless, the significant size dependence of the contact 
angle has been extensively observed and studied for various solid surfaces in 
experiments [51-59]. The effect of three-phase line tension is considered influencing 
the key factor for the dependence of contact angle on drop size. The line tension is 
defined as the free energy per unit length of the contact line between three coexisting 
phases [55]. A modified Young’s equation predicts a size-dependent contact angle 
[55]: 
 
                                                                (2.5) 
 
where   is the line tension (mN/m), and     is the geodesic curvature of the 
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three-phase contact line, which equals the reciprocal of the three-phase contact line 
circle radius (R) (m). When R is infinite, the modified Young’s equation could be 
reduced to the classic Young’s equation: 
 
                                                                 (2.6) 
 
Combing equations (2.5) and (2.6):  
 
             - 
 
   
 
 
                                              (2.7) 
 
It is clear that the contact angle is relevant to the three-phase contact size from this 
modified Young’s equation (Equation 2.7). A lot of studies have considered contact 
angle dependence on drop size by determining the effect of three-phase line tension 
[51-57]. All of these studies suggest that the contact angle of a liquid does 
significantly depend on the system size due to the line tension effect. In general, the 
contact angle increases as the drop size decreases (Figure 2.11). In addition, Kaveh et 
al. also observed a strong dependence of CO2-water static contact angle on bubble 
size [60]. However, they observed that the effect of bubble radius on contact angle 











Figure 2.11 Drop size dependence of (a) octane contact angles [52] and (b) organic 
contact angles [53] on self-assembled monolayer (SAM) surface 
 
 
2.3.2.3 Spreading Coefficient 
The spreading coefficient (S) is defined as [61]:  
 
S = γsv-(γlv+γsl)= γlv (cos θ -1) 
 
=   
    -    
                                                    (2.8) 




This parameter can be used to predict whether or not a droplet will spread on a 
surface. If S≥0, the work of solid-liquid adhesion     
     is larger than liquid 
cohesion    
    , and thus spreading or complete wetting occurs. On the other hand, 
if the spreading coefficient (S) is negative, then adhesion is smaller than cohesion. 




2.3.2.4 Equilibrium Spreading Pressure 
When some liquids spread on a solid substrate, the intrinsic solid surface energy (γ
 
) 
would be reduced due to vapor adsorption. The theoretical explanation for this 
phenomenon is termed equilibrium spreading pressure or film pressure,   . Thus, 






      γ
  
                                             (2.9) 
 
where    = γ   γ  .  
 
On a low-energy surface, the insignificant vapor adsorption leads to negligible 
spreading pressure      [62, 63]. Wu proposed that the spreading pressure can be 
neglected on a low-energy surface when the contact angle is over 10° [64]. Yildirim 
and Fowkes et al. demonstrated experimentally that the vapors of water and other 
high-energy liquids cannot be adsorbed onto low-energy surfaces [65, 66]. 
 
On the other hand, the vapor of some low-energy liquids can be adsorbed onto some 
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high-energy surfaces, such as mica, metal and glass surfaces. The vapor adsorption 
may turn a high-energy surface into a low-energy one. Thus, low-surface-tension 
liquids can form large contact angles under their own saturated vapor instead of 
complete spreading [67, 68]. Zisman and co-workers noted that some amphiphilic 
organic compounds with low surface tension did not completely spread on 
high-energy solid surfaces [69, 70]. An oriented monolayer of amphiphilic molecules 
forms on the high-energy solid surface because of the sufficiently strong surface 
interaction between the solid surface and the liquid molecules. This leads to the 
incomplete spreading of the amphiphilic liquid on its own monolayers, which is 
called autophobing [70, 71]. Luckham and Matar observed that a surfactant adsorbed 
onto a solid-liquid interface rendered the initially hydrophilic substrate hydrophobic, 
which causes unstable droplet spreading, dewetting and retraction [72-75]. Sharma et 
al. investigated the mechanism of autophobing in pure amphiphilic organics and 
amphiphilic solutions on high-energy liquid subphases [76]. Kumar et al. stated that 
the surfactant reduced the local solid-vapor surface tension, increased the contact 
angle, and then caused unusual wetting conditions on a hydrophilic surface [77]. This 
is due to the autophobic effect [77]. 
 
 
2.3.3 Dynamic Wetting 
Dynamic wetting on a smooth surface is characterized by a dynamic three-phase 
moving contact line [78] and is mainly measured by the spreading of liquids onto flat 
solid substrates. For instance, Bayer and Megaridis measured dynamic contact angles 
during the spontaneous spreading and recoiling of water droplets on planar substrates 
with different wetting conditions [79]. Keller et al. used the Wihelmy plate technique 
to measure the dynamic contact angles of petroleum hydrocarbons at various 
advancing velocities [80]. Previous studies on flat surfaces have indicated that 
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dynamic contact angle depends on the velocity of the solid-liquid-gas contact line, 
and varies with drop volume, viscosity, surfactant concentration, flow geometry, fluid 
composition and solid surface properties [81-86].  
 
The dynamic wetting of liquids can be described by several hydrodynamic theories, 
such as those proposed by Cox [87], Voinov [88]  and Dussan [89]. Combined 
models have also been developed by Petrov et al. to describe the contact line motion 
of spreading liquids [90]. According to the hydrodynamic model, the spreading 
process is dominated by the driving force per unit triple line length (F~γ(cosθs-cosθd)) 
and viscous dissipation ( ). The Cox-Voinov equation is a simple description of 
contact line motion and the driving force as the deviation of the contact angle from 
equilibrium): 
 
   
γ





  θ 
                                               (2.7) 
 
where θ  is the dynamic contact angle, θ  is the static (equilibrium) contact 




 is the ratio of macroscopic to microscopic length scales.  
 
Brochart-Wyart and de Gennes derived an equivalent expression by considering 
spreading as an irreversible process and calculating the energy dissipation per 
length of unit line [91]. The velocity of the contact line is then given by: 
 
   
θγ




    θ     θ                                       (2.8) 
 
Blake developed a molecular-kinetic theory of the three-phase moving line [92] 
based on Eyring’s activated-rate theory [93] with an adsorption/desorption model. 
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The imbibition rate or penetration velocity is given by: 
 
   
  
  
  κ λ     
γ    θ     θ  
     
                                (2.9) 
 
where κ  is the frequency of molecular displacement (s
-1
), which is related to the 
natural molar activation free energy of wetting (κ   
   
 
     
 Δ  
 
    
 , where 
Δ  
  is activation free energy of wetting (J), T is temperature (K), h is Planck 
constant (h = 6.626 ×10
-34
 J·s), N is Avogadro constant (N = 6.022 ×10
-23
) , kB 




)). n denotes the number of 






), λ is the average length of each molecular 
displacement (m). The term γ    θ     θ   can be regarded as the 
nonequilibrated surface tension force needed to drive the motion of the wetting line. 
 
The effects of viscosity and interfacial tension can be basically reflected in 
molecular-kinetic theory [93] and hydrodynamic theories [87-89], so that any 
increase in bulk viscosity or a decrease in interfacial tension leads to a decrease in 
contact line velocity. 
 
A number of empirical correlations [94-96] and semi-empirical correlations [97-99] 
have been proposed to predict the dynamic contact angle (θd) by using the static 
contact angle (θs) and the capillary number (Ca). The capillary number (Ca) is 
defined as the ratio of viscous forces to interfacial forces: 
 
     
  
 
                                                      (2.10) 
 
where v is the interface velocity (m/s),   is the liquid viscosity (Pa·s) and γ is the 
liquid-vapor surface tension (mN/m). 




For instance, Jiang et al. presented an empirical correlation to describe the 
dependence of dynamic contact angle on capillary number (Ca) and static contact 
angle (θs) based on Hoffman’s data through a study of the spreading of non-polar 
liquids [94]. Bracke et al. proposed a similar empirical correlation by drawing 
polymer strips into liquid [95]. Because Ca and θs can be easily measured, the 
correlations from Jiang et al. and Bracke et al. can be applied to most three-phase 
dynamic wetting phenomena when the capillary number is less than 0.01 [94, 95]. 
Seebergh and Berg examined the dynamic contact angle at a low capillary number 
regime via force measurements using a dynamic microtensiometer [96]. The 
correlation proposed by Seebergh and Berg is a function of contact-line velocity, and 
have the same functional form as the correlations from Jiang et al. and Bracke et al. 
at low capillary numbers, but with different constants (A, B) [94-96]:  
 
 
   θ     θ 
   θ   
                                                   (2.11) 
 




2.3.4 Pore Wetting 
It is well known that pore wetting is of significance in many practical processes, such 
as fuel cells, nanofluidics, nanolubrication, CO2 storage and oil recovery. Due to the 
difficulty of directly measuring the contact angle in a small pore, and the common 
assumption that the external flat surface represents the internal surface of the pore 
[100], the pore contact angle has simply been estimated by either using the contact 
angle measured on a flat surface by a sessile drop experiment [7, 101-103], or 
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indirect measurements such as the capillary rise technique, liquid intrusion 
calorimetry, thin-layer wicking technique, or distance-time and weight-time 
imbibition techniques based on the Young-Laplace and Lucas-Washburn equations 
[104-109]. For example, Gomez et al. determined the contact angle of a nonwetting 
liquid within a mesoporous solid using a microcalorimetric method [106]. Xue et al. 
and Galet et al. estimated the contact angles of liquids in capillary tubes and the 
wettability of powders by the relationship between the liquid front height and time 
based on the modified Lucas-Washburn equation using a capillary rise method [105, 
109]. Yang et al. and Ishakoglu and Baytas estimated the contact angle in porous 
media by measuring the contact angle on spherical surfaces [44, 110]. 
 
In many studies, the pore contact angle is oversimplified and simply treated as zero. 
For example, Popescu et al. applied an equilibrium contact angle of zero not only to a 
complete wetting case in a number of theoretical and empirical expressions for 
dynamic contact angle in the water/glass capillary rise, but also to the silicone 
oil/glass capillary rise [111]. Siebold et al. treated alkanes in capillary rise as total 
wetting liquids in order to assume their contact angles on silica or glass as zero at 
equilibrium [112]. Xue et al. stressed that a common way to solve the problem is by 
using a perfect liquid (θe=0
0
), but that a perfect wetting liquid is hard to find in 
practice [109]. Fisher and Lark experimentally studied capillary rise using the 
Washburn equation and concluded that the capillary rise plotted by assuming pore 
contact angle of zero was significantly different from their experimental data for 
water rising in a glass capillary [113]. Thus, it is necessary to measure and study the 
contact angle in pores to correctly indicate the pore wetting and avoid the use of 
inappropriate contact angles for the case of a porous surface case. 
 
In most dynamic contact angle studies, the Lucas-Washburn equation is used to 
calculate the contact angle in a pore by using the measured capillary imbibition 
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distance and imbibition time [104, 109, 112, 114], but the contact angle calculated 
from the Lucas-Washburn equation is static. To describe the imbibition dynamics, 
Joos et al. used a velocity-dependent contact angle (θv) which was derived from an 
empirical expression to replace the static contact angle (θs) in the classic 
Lucas-Washburn equation [115]. Martic et al. modified the classic Lucas-Washburn 
equation by using Blake’s molecular-kinetic theory [114]. Girardo et al. used the 
molecular-kinetic model to describe the microcapillary imbibition dynamics 
considering the effect of friction on the three-phase moving line, and the modeling 
results matched the experimental data well [116]. Stukan et al. investigated the effect 
of roughness on the spontaneous imbibition of liquid in nanopores using molecular 
dynamics simulation, and used Blake’s molecular-kinetic theory to describe the 
effect of dynamic contact angle on liquid imbibitions [117]. 
 
Because of the lack of experimental techniques to measure the contact angle in a 
small pore, most experimental or theoretical studies on pore wetting have been based 
on the data measured from a planar solid plate, strip or cylindrical rod rather than in 
pores [96]. All these previous studies for the estimation of wetting in porous media 
might be valid but need to be further assessed and confirmed [106]. 
 
 
2.3.5 Interfacial Phenomena in a CO2-fluid-mineral System 
2.3.5.1 CO2-water/brine Interfacial Tension 
Safe and permanent CO2 geological storage has become one of the most promising 
technologies which could potentially control greenhouse gas emission. The 
efficiency and safety of this process depend on fluid-fluid and rock-fluid interactions 
inside porous media. For example, the final storage capacity and total amount of 
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capillary/structural-trapped CO2 in the porous reservoir are highly controlled and 
affected by the interfacial tension (γ) and contact angle (θ) in pores in CO2-fluid-rock 
mineral surface system [118]. 
 
CO2 injection pressure and storage capacity could be significantly affected if the rock 
wettability changes or the CO2-fluid interaction phenomenon alters during CO2 
storage. Thus, accurate measurements of the interface tension and contact angle 
between CO2 and reservoir fluids in a pore can greatly contribute to the estimation of 
reservoir storage capacity, and the capillary-sealing efficiency of cap rock [118, 119]. 
The surface tension of CO2 in reservoir fluids under various reservoir conditions has 
been investigated by considering the effects of CO2 phase, brine composition, 
pressure and temperature [34, 35, 119-125]. Consistent observations have been 














Figure 2.12 (a) Interfacial tension between water/brine and gas/liquid CO2 at 
ambient temperature (20 °C) [35, 121, 123, 126, 127]; (b) interfacial tension between 
water and gas/supercritical CO2 at elevated temperatures [119, 120] 
 
2.3.5.2 CO2-water/brine Contact Angle 
The CO2-water/brine contact angle on a mineral surface has been a subject of 
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controversy [119]. Some studies state that there is no dependence of the wetting of 
the substrate on the CO2 phase change or pressure [34, 128]. Chalbaud et al. 
emphasized that CO2 did not affect the wetting of a solid surface when increasing 
pressure up to 100 bar using glass micromodels for water-CO2 systems [34]. They 
observed no wetting transition phenomena with the increasing pressure, elevated 
temperature or CO2 phase change, as shown in Figure 2.13. This is consistent with 
the wettability indices deduced by Egermann et al.[129] when performing CO2 
injection in carbonate samples. Bikkina also observed no clear CO2-water contact 
angle trends with pressure (200-3000 psi) or temperature (25-50 °C) on quartz and 
calcite substrate surfaces (Figure 2.14) [128]. A more recent study by Kaveh et al. 
also demonstrated no significant effects of pressure and CO2 phase on the contact 
angle of a CO2-water-sandstone system, and a strong dependence of contact angle on 
bubble size [60]. 
 
Figure 2.13 Glass micromodel: (a) gaseous CO2 (P = 57.9 bars, T = 20 °C), (b) 
supercritical CO2 (P = 105.4 bars, T = 60 °C), (c) liquid CO2 (P = 100 bars, T = 
23 °C). [129] 
 




Figure 2.14 CO2-water contact angle data on quartz substrate during first and second 
measurement cycles [128] 
 
On the other hand, other studies have proposed that the CO2 phase or pressure does 
affect surface wetting conditions. Some of them suggest that the wettability of a 
mineral surface was only altered in the CO2 phase transition zone and that there is no 
significant pressure effect on contact angle when there is no phase change [35, 119, 
130]. For instance, Espinoza and Santamarina found that the CO2-water contact angle 
steeply increased at the CO2 gas-liquid boundary when conducting sessile drop 
experiments were conducted on PTFE (polytetrafluoroethylene) in the pressure range 
0−200 bar at ambient temperature (Figure 2.15). Jung and Wan observed that the 
static contact angle increased only at a narrow pressure range around the CO2 phase 
transition region [130]. Chi et al. found that the water contact angle on the coal 
surface increased from 84° to 145° as the CO2 changed from gas to liquid [131]. 
However, others have reported a gradual variation in contact angle with changes in 
pressure in both a particular CO2 phase and phase transition zones [132-138]. For 
example, Sutjiadi-Sia et al. observed that the gas CO2-water contact angle increased 
gradually with increasing pressure on PTFE, stainless steel and glass surfaces, but 
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this dependence of wetting on pressure was negligible for a supercritical CO2-water 
system [123]. 
 
Ameri et al. investigated CO2-water/brine contact angles on oil-wet and water-wet 
sandstone rock substrates [132]. They observed that the stable CO2-water/brine 
contact angle on a water-wet substrate remained nearly constant with pressure or CO2 
phase change, but the contact angle on an oil-wet substrate significantly increased 
around the critical CO2 state [132], as shown in Figure 2.16. Due to the observed 
discrepancies in the literature, it is necessary to work on this further.  
 
 
Figure 2.15 CO2-water contact angles on a PTFE substrate as CO2 pressure increases 
from 0.1 to 18.5 MPa [35] 
 
 




Figure 2.16 Stable CO2-water/brine contact angles for the effectively oil-wet rock 
(saturated and aged with crude B, SB-5 and SB-6) and partially water-wet rock 
(saturated and aged with crude A, SB-1 and SB-4) substrates at various pressures 
[132] 
 
Some studies have tried to explain the changes or lack of change in contact angle at 
various CO2 pressures by considering Young’s equation (γwc cosθ = γsc - γsw) [35, 
130], where θ is the contact angle, γwc is the interfacial tension (IFT) between water 
and CO2, γsc is the interfacial tension (IFT) between the solid and CO2, and γsw is the 
interfacial tension (IFT) between solid and water. Among these three interfacial 
tensions only γwc can be determined by experiment. Furthermore, the interpretation 
of interfacial force balances using Young’s equation still remains controversial 
because γsc and γsw cannot be directly measured [139]. In addition, CO2 is not an 
ideal gas, so more consideration needs to be given to Young’s theory for CO2-water 
systems.[133]  
 
In addition to wettability studies of CO2-water systems, CO2-brine contact angles 
have also been investigated in several studies. It has been reported that the significant 
contact angle increases with brine concentration on hydrophilic surfaces [35, 130, 
140]. For instance, Kim et al. studied the pore-scale wettability of supercritical 
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CO2-brine systems in silica micro-models, considering the effect of NaCl 
concentration in brine. They observed that the CO2-brine contact angle significantly 
increases with increasing ionic strength increase (Figure 2.17). Sghaier et al. proved 
that the contact angle of an NaCl aqueous solution in air significantly increased with 
NaCl concentration on hydrophilic surfaces, but the variation in contact angle was 
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2.4 Multiphase Flow in Porous Media 
2.4.1 Capillary Pressure 
Depleted oil reservoirs or saline aquifers geologically store immiscible reservoir 
fluids, such as oil (hydrocarbons), water (brines) and gas (air, CO2 and natural gas). 
The forces keeping these multiphase fluids in equilibrium in porous-structured 
reservoirs are commonly recognized as capillary forces. In CO2 storage and 
enhanced oil recovery (EOR) processes, capillary force plays a dominant role in 
multiphase flow behaviours and fluid displacement, controlling the phase distribution 
in porous media [142]. 
 
Capillary pressure is generally defined as the difference in pressure across the 
interface between two kinds of immiscible fluids. Capillary pressure then refers to 
the pressure difference between non-wetting and wetting phases (Figure 2.18): 
 
                                                            (2.12) 
 
where Pc is capillary pressure (Pa), Pnw is the pressure in the non-wetting phase (Pa) 
and Pw is the pressure in the wetting phase (Pa). 
 




Figure 2.18 Illustration of capillary pressure: water rise in a capillary (water is a 
wetting fluid, air is a non-wetting fluid) [143] 
 
The interfacial tension existing between the two immiscible fluids leads to capillary 
pressure. The Young-Laplace equation (Equation 2.13) shows that capillary pressure 
(pressure difference) is inversely proportional to the effective radius and proportional 
to the surface tension, and is also related to the wetting contact angle [45, 144].  
 
    
 γ   θ
 
                                                    (2.13) 
 
where Pc is capillary pressure (Pa), γ is surface tension (mN/m), θ is the contact 
angle on the surface of the capillary and r is the effective radius (m). 
 
This equation is also called the breakthrough pressure equation for the estimation of 
the CO2 sealing capacity of a cap rock. From this equation, a high sealing capacity 
for gas or oil in a reservoir can be achieved for large interface tension, small contact 
angle and extremely small pore size. 
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2.4.2 Two-phase Flow Displacement in Porous Media 
2.4.2.1 Imbibition and Drainage  
The displacement processes in porous media can be generally categorized in two 
types, which are drainage and imbibition, based on the wetting properties of the 
fluids. When a single capillary or porous rock is saturated with 100% of a 
non-wetting fluid like gas or oil, and a wetting fluid (such as water) is introduced 
into the end, the wetting fluid will be spontaneously imbibed into the capillary to 
displace the non-wetting fluid by capillary force. This is called imbibition (Figure 
2.19 (a)). Lucas and Washburn derived an analytical equation to describe the 
imbibition process of a liquid flow by its own capillary force in a horizontal 
cylindrical capillary [145, 146], and Bell first proposed the proportionality between l
2
 
and t [147]: 
 
     
γ     θ
  
                                                   (2.14) 
 
where l is the distance (m) imbibed by the liquid at time t (s),   is the viscosity of the 
liquid (Pa·s), r is the radius of the capillary (m), γ is the liquid-vapor interfacial 
tension (mN/m), and θ is the contact angle between the liquid and the capillary inner 
surface. The Lucas-Washburn equation was derived from Poiseuille’s law for viscous 
flow by assuming that the pressure difference (ΔP) across the invading liquid 
meniscus can be given by the Young-Laplace equation [45, 144].  
 
If the capillary or rock is fully filled with a wetting fluid (e.g. water), a non-wetting 
fluid (e.g. gas, oil) cannot spontaneously invade into the capillary pore or rock since 
the capillary force holds the wetting fluid in the pores. An external force must be 
introduced to overcome this capillary force, in order to use a wetting fluid to displace 
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Figure 2.19 (a) Imbibition for water; (b) Drainage between oil and water in a single 
capillary and rock [36] 
 
Capillary pressure is a very important parameter in both processes, and is generally 
expressed as a function of the saturation of the wetting-phase fluid in the porous 
medium. Figure 2.20 (1) gives a typical capillary pressure-saturation curve for oil 
invading a porous medium which is initially fully saturated with water. This is a 
primary drainage process, which refers to the decrease in water saturation. The 
capillary pressure (Pc) is defined as the pressure difference between oil (non-wetting, 
Pnw) and water (wetting, Pw). It is believed that it is difficult to penetrate oil until the 
capillary pressure reaches a critical pressure (P0), which is also called the capillary 
entry pressure. This threshold pressure might be affected by the pore wetting and size 
and the porous structure of the pore sample. When the pressure exceeds the critical 
pressure (P0), a plateau is reached. The capillary pressure slightly increases with 
decreasing water saturation during this plateau region.  




Figure 2.20 A typical capillary pressure-saturation curve for a non-wetting/wetting 
fluids (oil/water) displacement system. It can be assumed that water and oil are the 
wetting and non-wetting fluids respectively (Pc: capillary pressure, P0: capillary entry 
pressure, Sw: water saturation, Scw: residual water saturation, Sspw: spontaneous water 
imbibition saturation, Sor: residual oil saturation) [148] 
 
As the water saturation decreases further, the capillary pressure rises significantly, 
and reaches very high levels as water saturation approaches an irreducible value of 
residual water saturation (Scw). The direction of saturation can be reversed by 
imbibition, which is shown in Figure 2.20 (2). If the pressure of oil is reduced, the 
wetting fluid will be spontaneously imbibed to saturate the porous medium. This is 
called primary imbibitions, and it causes the capillary pressure to decrease, but it is 
smaller than the drainage capillary pressure at the same saturation. This is due to the 
capillary hysteresis effect. The capillary pressure decreases to zero when the oil 
pressure equals the water pressure. This saturation point is called spontaneous water 
imbibition saturation (Sspw). Beyond this point, additional force has to be applied for 
water to displace oil. The capillary pressure is hence negative. A very high 
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non-wetting fluid pressure is required to displace the next bit of non-wetting fluid 
until the saturation reaches the level of residual oil saturation (Sor). When the water 
pressure decreases, the non-wetting fluid will spontaneously invade into the porous 
media and the saturation decreases. This is defined as secondary drainage, which is 
shown in Figure 2.20 (3). The capillary pressure in secondary drainage is larger than 
that of primary imbibition for the same saturation due to capillary hysteresis. 
Spontaneous oil imbibition saturation (Sspo) is reached when Pc is zero. The oil 
pressure needs to be increased to overcome the water capillary pressure (forced 
drainage). The capillary pressure would rise infinitely at Scw.  
 
 
2.4.2.2 CO2-fluid Displacement 
CO2-fluid displacements are crucial in predicting the CO2 flow, mobility, capillary 
trapping and pressure distribution within reservoirs [18, 149, 150]. Some 
experimental studies of CO2-fluids displacement in porous media are ongoing and 
results have recently become available. For instance, Plug and Bruining measured the 
imbibition and drainage behaviour of CO2-water displacement in an unconsolidated 
sand system, proposing an increase of capillary pressure by reducing CO2 pressure 
and observing significant capillary pressure fluctuations and instability in 
supercritical CO2-water displacement (Figure 2.21) [151]. Tokunaga et al. measured 
the drainage and wetting behaviour of supercritical CO2-brine and air-brine in a 
homogenous silica sand pack, and stressed that their results did not agree with the 
predictions [152]. Apart from conducting core flooding experiments, the CO2 and 
fluid saturation and distribution in core rock under reservoir conditions have also 
been studied using a pore network micro model and high-resolution Magnetic 
Resonance Imaging (MRI), X-ray CT scanning techniques [153-157]. 
 





Figure 2.21 Drainage capillary pressure curves for CO2-water displacements in 




A fluid moving through a porous medium can be described by Darcy’s law, which 
forms the scientific basis of fluid permeability in earth sciences. Permeability 
(intrinsic permeability) is defined by the general form of Darcy’s law: 
 
     
 
μ
                                                    (2.15) 
 
where q is fluid velocity (m/s), μ is fluid viscosity (Pa·s),    is the pressure 
gradient vector (for a horizontal bed with length of L),          and k is the 
intrinsic permeability of the medium (m
2






Relative permeability is defined as a dimensionless measure of the effective 
permeability of a certain phase in a multiphase flow in porous media. It is the ratio of 
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the effective permeability of this certain phase to the intrinsic permeability: 
 
       
  
 
                                                        (2.16) 
 
Thus, the equation (2.15) can be rearranged as  
 
       
     
μ 
                                                   (2.17) 
 
The relative permeability of a fluid phase (i) is commonly described as a function of 
the saturation of that phase (Si),     =        . Models proposed by Brooks-Corey 
[158] and van Genuchten [159] have been extensively useful in characterizing the 
capillary pressure Pc(Sw) and relative permeability Kr(Sw) (Table 2.1). 
 
Table 2.1 Brooks-Corey (BC) and van Genuchten (VG) capillary pressure models for 
wetting and nonwetting phase relative permeability 
 Brooks-Corey (BC)[158] van Genuchten (VG)[159] 
Capillary 
pressure  
        
    λ         
            
Relative 
permeability 
        
      λ 
            
         
    
 
λ  
       
            
    
 
   
          
         




In Table 2.1,     and       are the relative permeabilities of the wetting phase 
and non-wetting phase, respectively, the effective water saturation   
  
        
       
, 
      is the irreducible saturation, P0 is capillary entry pressure, and λ is the 
so-called pore-size distribution index. P0,  λ and m are fitting parameters. These two 
models can be effectively applied to measure the relative permeability of multiphase 
flows in the petroleum and hydrology fields.  




Figure 2.22 shows a typical set of wetting fluid and non-wetting fluid relative 
permeability curves in a porous media. As wetting-phase drainage starts and 
wetting-phase saturation decreases, the relative permeability of the wetting fluid (krw) 
decreases, while the relative permeability of the nonwetting fluid (krnw) increases. 
The wetting phase curve has a residual saturation (Swr) of 0.2. Since the flow of each 
phase is inhibited by the other one, the sum of relative permeabilites is thus generally 
less than one. 
 
 
Figure 2.22 A two-phase water-oil relative permeability curve (kr,w: wetting fluid 
relative permeability, kr,nw: non-wetting fluid relative permeability, Sw,ir: residual 
water saturation)[160] 
 
This chapter provides the relevant theoretical background and literature review for 
the chapter 3, 4, 5, 6, 7 and 8, such as concepts of contact angle, wetting, interfacial 
phenomenon, capillary actions, multiphase flow and displacement in porous media 
and related fundamental theoretical equations.  
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Chapter 3: Methods and Materials 
 
3.1 Experimental Methodologies 
3.1.1 Pendant Drop Method for Surface Tension 
Measurements 
Interfacial tension is one of the most important factors in multiphase flow transport 
in porous media. In this study, the surface tension of liquids was determined using 
the pendant drop method, which is one of the most convenient and reliable methods 
to measure liquid surface tension (Figure 3.1(a)). Prior to measurement, the syringe’s 
internal diameter must be entered into the FTA 32 (First Ten Angstroms) software, so 
that the apparatus can be calibrated. The liquid was loaded in the cuvet (or syringe), 
and was then manually dropped out from the syringe to form the pendant drop. To 
form a nicely shaped pendant drop, the magnification must be adjusted so that the 
drop occupies about at least 3/4 of the vertical height of the image (Figure 3.1 (b) and 
(c)). This is important, since a drop which is too small cannot provide sufficient 
pixels for good accuracy. The liquid hanging drop should reach the equilibrium state 
where the liquid gravity force is balanced by the interfacial tension force. By 
analyzing the shape of the pendant drop using FTA 32, the surface tension 
(liquid-vapor interfacial tension) can be calculated using the following equation 
(3.1)[1]: 
 
      
     
 
 
                                                     (3.1) 
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where     is the liquid-vapor interfacial tension (mN/m), g is gravity acceleration 
(m/s
2
),    (kg/m3) is the density difference between the liquid drop and the 
surrounding fluid. Since the liquid surface tension was measured in air in this study 
and the density of air can be negligible here,    is the density of the liquid. H is a 
drop-shaped correction parameter (1/H=ds/de), and ds is the diameter measured at the 





                     (b)                                 (c) 
Figure 3.1 (a) Experimental set-up (FTA 32, First Ten Angstroms) for investigation 
of surface tension and contact angle measurement on a flat substrate. (1) light source, 
(2) syringe, (3) substrate holder, (4) camera; Pendant drop methods for surface 








3.1.2 Sessile Drop Method for Contact Angle Measurement 
on a Flat Surface 
The contact angle of liquid on a flat solid substrate can be determined from the 
profile of a sessile drop. The sessile drop image was analyzed using FTA 32 to obtain 
the contact angle (Figure 3.2). The substrate sample was first mounted on a holder 
and the test fluid loaded into the syringe (Figure 3.1). The liquid (~1.0 μL) was then 
dropped onto the substrate, and focused. The sessile drop images were captured by 
the FTA 32 programme. The contact angle of the drop was analyzed by using the 
non-spherical fitting option provided by FTA 32. Due to the relatively high vapor 
pressure of some organics, such as alcohol, alkane and crude oil, the contact angles 
on a flat surface of these liquids were measured as quickly as possible after dropping 
the liquid onto the substrate, in order to avoid the effect of evaporation which could 
distort the original drop shape and thereby affect the contact angle measurements [2]. 
 
 
                             
Figure 3.2 Sessile drop method for contact angle measurement on a flat surface; 
sessile drop image of water on a flat glass surface.  
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3.1.3 Microscopic Imaging Technique for Contact Angle 
Measurement in a Micron-sized Pore 
A novel method [3, 4] was developed in this study to directly measure the contact 
angles of a wide range of fluids and CO2 in a small pore, by considering the effects 
of a liquid’s physical properties (interfacial tension and viscosity), its chemical 
structure, and the CO2 phase. The experimental data produced using this technique 
may contribute to representing the pore wetting more properly than when using the 
traditional methods.  
 
 
3.1.3.1 Contact Angle Measurements in a Pore at Ambient 
Conditions 
The pore contact angle measurement apparatus developed in this study is shown in 
Figure 3.3. An optical microscope (Olympus, BHW) with a 10X objective lens (M 
PLAN 10X (025)) equipped with a digital camera (AM7023, Dino-Eye) was used to 
image the vapor-liquid interface in a capillary, as shown in Figure 3.3 (a). As a 
cylindrical capillary is used, the meniscus image of a small amount of liquid in a 
pore might be distorted. Cheong et al. stressed that the quality of the interface image 
of a small volume of liquid in a capillary strongly relies on the measurement method 
and illumination used [5]. Here, a LED white light source was used, which was 
located under the glass capillary. The illumination travels from the liquid end 
upwards to light up the meniscus. This method can overcome the degree of image 
distortion, and thus improve and facilitate the contact angle measurements in a small 
pore [5]. The principle of this method is close to those used for the measurement of 
micron ice crystal size in aqueous solution [6], micron air-bubble size [7] and the 
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size of a microcapsule or plant cell under a microscope [8]. The outermost two-phase 
interface boundary was well-lit and focused to produce a clear two-phase interfacial 





(b)                                             
Figure 3.3 Experimental setup for the study of dynamic contact angles in a capillary: 
(a) microscopic imaging of contact angle of liquid in a pore (the vector   shows the 
direction of gravity); (b) dynamic contact angles (meniscus movements) under a 
microscope equipped with a camera 
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First, a cleaned single glass capillary with open ends was fixed on a transparent slide 
support, and lighted and focused by the microscope before conducting measurements 
(Figure 3.3 (a)). A small volume of test liquid (~0.5 μL) was dropped onto one end of 
the glass capillary using a microfluidics syringe (Hamilton, 701ASN 10 μL). The 
capillary effect will cause the liquid to spontaneously imbibe into the capillary. 
During the liquid imbibition invasion, the dynamic advancing liquid menisci can be 
recorded by the camera tracking for various imbibition rates (interface velocity, m/s), 
as shown in Figure 3.3(b). The images extracted from the recorded video by video 
were analyzed using editing software (Adobe Premiere Pro 2.0), and the interface 
velocity (v=dL/dt) can be calculated by measuring the imbibition length interval (dL) 
for a time interval (dt). When the imbibition process was entirely completed and 
there was no more liquid movement, the contact angle at this state was the 
equilibrium or static pore contact angle of the liquid in a capillary. For this study, the 
confined liquid in a small pore involves a much less significant effect of evaporation 
on the contact angle than that measured on a flat surface in an open space. For each 
measurement, a new fresh clean capillary was used to avoid prewetting of the 
capillary interior. 
 
To determine the contact angle of liquid in a small capillary, the microscopic images 
were analyzed using both commercial software (FTA 32) and the method recently 
proposed by Cheong et al [5]. Cheong et al. developed a simple and robust method 
for estimating the contact angle of small volumes, by only using the capillary radius 
(r) and meniscus height (h) (Figure 3.3 (a)) from the microscopic capillary meniscus 
image [5] (Equation 3.2). This equation is valid based on the assumptions of the 
small liquid volume applied and a negligible gravity effect [5, 11]. Since the effect of 
image distortion on meniscus height (h) is not significant, the effect of image 
distortion on contact angle estimation of a liquid in a small pore can be minimized 
[5]: 




 θ        
     
   
                                                 (3.2) 
 
where θ is the contact angle in a pore, r is the radius of the capillary (mm) and h is 
the height of the capillary meniscus (mm). 
 
In order to estimate the measurement error, Equation (3.2) can be rearranged and 
differentiated into Equation 3.3 [5]:  
 
      
     
            
                                              (3.3) 
 
From this relationship, it is clear that a small radius gives a large error, and a large 
radius improves the accuracy of the measurement of the contact angle. 
 
 
3.1.3.2 Contact Angle Measurements in a Pore at High Pressure 
In order to measure the CO2-fluid contact angle in a small pore under high pressure, 
the pore contact angle measurement apparatus was modified and developed by being 
equipped with high pressure pumps. The experimental apparatus shown in Figure 3.4 
was designed to measure CO2-fluid contact angles in a single capillary. The fluids 
used included CO2, distilled water, brine and n-decane. The set-up can handle 
pressures up to 100 bar using the high-pressure CO2 pump (ISCO syringe pump, 
100DM). A hot water bath was used to elevate the temperature of the CO2/water, 
CO2/brine or CO2/decane interface. The critical temperature of CO2 is 31 
0
C. In order 
to involve both liquid CO2 and supercritical CO2 in this study, two temperatures 
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applied in this study were 20 
0
C (ambient temperature) and 40 
0
C. The whole system 
is first flushed with CO2 to remove air. Then, valve 3 is closed and water, brine or 
n-decane injected into the capillary by (d) to ensure that the capillary is full of liquid, 
and then valve 6 is closed. When the operating pressure is set by the 
constant-pressure mode of the ISCO CO2 pump, valve 3 is open and needle valve 6 is 
slightly released to let CO2 displace the liquid in the capillary at a constant pressure. 
When the CO2/fluid interface entered the measurement zone under the microscope, 
valve 5 was quickly switched off. There will now be no flow in the system and the 
pump stops pumping. When any dynamic movement of CO2/fluid interface was 
completely ceased, the equilibrium CO2-liquid contact angle can be achieved and 
then analyzed. For instance, an image of liquid CO2-water contact angle is shown in 
Figure 3.4 (j). The image was analyzed using Equation 3.2 in order to obtain the 
CO2-fluid contact angle in a pore. 
 
Figure 3.4 Experimental setup for CO2- fluids pore contact angle measurements: (a) 
CO2 cylinder; (b) CO2 filter; (c) ISCO CO2 pump; (d) fluid injector; (e) capillary 
tube; (f) hot water bath chamber; (g) optical microscope (Olympus, BHW) with a 
10X objective; (h) digital camera (AM7023, Dino- Eye); (i) data acquisition 
computer; (j) CO2-water pore contact angle image; 1~5: ball valve, 6: needle valve 




3.1.4 CO2 Core Flooding Experimental Set-up 
A horizontal core flooding experimental apparatus was designed and used for 
CO2-water displacement in a sandstone core sample, and is shown in Figure 3.5. The 
sandstone rock sample was wrapped in a shrinkable Teflon sleeve (Figure 3.6 (a)) 
and placed in a stainless steel core holder (Figure 3.6 (b)). An overburden-pressure 
water pump (Milton Roy, CM4000) injected water around the core sleeve to build the 
overburden pressure (Figure 3.6 (b) and (c)). Two syringe pumps (ISCO syringe 
pump, 100DM) were connected to the inlet and outlet of the core holder and these 
can be set to a constant injection flowrate mode (accuracy ±0.00001 ml/min) or a 
constant pressure mode (±0.1 bar). The CO2 was injected into the right-hand side of 
the core holder and the water was injected or collected on the left. A hydrophilic 
membrane (Nuclepore, Whatman, pore size~2 μm) is located on the left-hand side of 
the core sample (the water production side) for the drainage experiment. Any leakage 
is the major concern in this system. The system was tested over the whole pressure 
range prior to the experiment.  
 
The core sample was initially filled with water. The ISCO water pump was used to 
apply a pressure of 1 bar, pumping water into the sandstone core sample and 
removing all possible air. When the sandstone became fully water saturated, valve 4 
was closed as shown in Figure 3.5. The ISCO water pump was set to the system 
pressures applied during the CO2-water drainage measurements, such as 10, 30, 75 
bar with valves 6 and 5 open, and valve 7 and 4 closed. Meanwhile, the ISCO CO2 
pump was filled with CO2, and set to the same system pressure (valve 2 open, valves 
1, 3 and 4 closed). Once the pressures of the two pumps reached exactly the same 
level and a steady state, valve 4 was opened. The ISCO CO2 pump was switched to 
constant-flowrate mode from constant-pressure mode, applying a constant CO2 
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injection rate of 0.1, 0.2, 0.4 or 0.6 ml/min. Meanwhile, the ISCO water pump 
remained at the constant-pressure mode. For supercritical CO2-water displacement, a 
hot water bath (Grant, GD 100) was used to elevate the CO2-water-sandstone system 
temperature. The temperature was kept at 40 
0
C during the experiment, in order to 
make sure that the CO2 would be at supercritical state in the core. 
 
The water saturation (Sw(t)) was obtained from the cumulative volume V(t) of the 
ISCO water pump. At the end of the experiment, the integral mass balance can be 
checked by the initial dried sandstone, wet sandstone after drainage and displaced 
water collected in the water pump. Thus, the final water saturation (residual water 
saturation) in the core sample can be readily calculated. The differential pressure 
during the drainage was measured using two pressure transmitters (RS, 100 bar 
gauge, ±0.01 bar accuracy) placed on the CO2 inlet and water outlet of the core 
holder.  
 
Figure 3.5 Experimental set-up developed for CO2-water core flooding experiments 
 
 






                  (a)                                 (b) 
 
(c) 
Figure 3.6 (a) shrinkable Teflon sleeve; (b) stainless steel core holder; (c) 


























3.2.1.1 Basic Reservoir Fluids 
Deionized water, brine, n-decane and crude oil were used in this study to represent 
the common fluids in oil reservoirs or saline aquifers. The deionized water was 
obtained from a Barnstead NANOpure Diamond
TM
 Analytical ultrapure water system. 
Brine (~200 g(NaCl)/kg(water)) was prepared by mixing water with sodium chloride 
(NaCl) (ACS reagent, ≥99.0% ). n-decane was purchased from Acros Organics 
(analytic grade, 99+% pure). The crude oil was from MAPLLC Petroleum Crude Oil 
(density: 659~818 kg/m
3





3.2.1.2 Liquids with Various Surface Tensions and Viscosities 
The viscosity and surface tension of liquids are the crucial properties for studying 
dynamic wetting behavior in a capillary, since the dynamic contact angle is highly 
related to the capillary number (       γ) and the static contact angle (θs), which 
has been introduced and discussed in Chapter 2 [12-14]. The effect of surface tension 
on the dynamic pore contact angle was studied by using various concentrations of 
alcohol aqueous solutions. The surface tensions of water, 1-propanol and aqueous 
solutions of 1-propanol significantly vary in a range from 24.4 mN/m (1-propanol) to 





 Pa·s. In order to investigate the effect of liquid viscosity 









 Pa·s and 9.70×10
-1 
Pa·s 
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were used in this study. 
 

















DI water 998.2 72.0 8.94×10
-4
 
1-propanol 803.4 23.7 1.94×10
-3
 
5wt% 1-propanol 987.9 46.2 1.10×10
-3   
 
10wt% 1-propanol 976.1 37.3 1.34×10
-3   
 
20wt% 1-propanol 953.3 30.3 1.84×10
-3   
 
40wt% 1-propanol 910.8 27.8 2.44×10
-3   
 
60wt% 1-propanol 872.0 27.2 2.67×10
-3   
 
80wt% 1-propanol 836.3 26.3 2.41×10
-3   
 
90wt% 1-propanol 819.5 25.0 2.17×10
-3   
 
n-decane 730.0 23.8 9.20×10
-4
 
Crude oil 659~818 20.0 6.14×10
-3
 
Silicone oil (10cst) 930.0 19.4 9.30×10
-3
 
Silicone oil (50cst) 960.0 20.8 4.80×10
-2
 
Silicone oil (100cst) 960.0 20.9 9.60×10
-2
 
Silicone oil (500cst) 970.0 21.2 4.85×10
-1
 




The fundamental physical properties of the liquids (density and viscosity) were 
taken from the NIST Chemistry WebBook [15] and the product property 
specifications were from the manufacturer. The viscosities of 1-propanol aqueous 
solutions were from data in the literature [16]. 





The surface tensions of liquids were determined by pendant drop experiments (First 
Ten Angstroms).  
 
The surface tensions of five kinds of amphiphile aqueous solutions with the 
amphiphile concentrations from 0 to 1 are shown in Table 3.2.  
 
Table 3.2 Surface tensions of amphiphile aqueous solutions 
 
 Surface tension of amphiphile aqueous solution (mN/m) 
Amphiphile 
mass fraction 
Methanol Ethanol 1-propanol Propylamine Propionic acid 
0 72.75 72.75 72.75 72.75 72.75 
0.05 63.46 56.41 42.51 49.15 51.70 
0.1 56.87 48.14 34.86 42.18 45.80 
0.2 47.86 38.56 28.31 35.51 38.56 
0.3 41.09 33.53 26.41 32.52 35.32 
0.4 37.02 30.69 25.68 30.60 33.23 
0.5 33.37 28.51 25.18 29.43 31.96 
0.6 30.32 26.72 24.89 28.52 30.97 
0.7 27.91 25.48 24.47 27.66 30.03 
0.8 25.98 24.32 24.23 26.79 29.10 
0.9 24.37 23.23 23.98 25.80 28.02 
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3.2.1.3 Organic Liquids with Various Chemical Structures 
In order to investigate the effect of the chemical structure of organic compounds on 
pore wettability, a variety of organics were used to examine the effects of functional 
group and alkyl chain on pore wetting, such as the non-polar saturated alkanes 
(Pentane, Hexane, Octane and Decane), and amphiphilic organic compounds, tailed 
with straight-chain hydrophobic alkyl groups of different chain length 
((CH3)n-),n=1,2,3,4,6,8,10) and headed with hydrophilic functional groups (-OH, 
-NH2 and -COOH). The structural isomers of 1-propanol and 1-butanol, namely, 
2-propanol, tert-butanol, 2-butanol and 2-methyl-1-propanol, were used to 
investigate the effect of alkyl chain structure on pore wetting. In addition to the 
alkanols with only one hydroxyl group, ethylene glycol and glycerol with two and 
three hydroxyl groups were also used to explore the effect of multiple hydroxyls on 
the alkyl backbone chain on pore wetting. 
 
The physical properties and structural features of all the organic compounds used in 
this study are shown in Table 3.3. The surface tensions of liquids were determined by 
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Chemical formula Molecular 
structure 
Pentane 626.0 18.0 56.5 72.2 C5H12  
Hexane 654.8 19.0 16.2 86.2 C6H14  
Octane 703.0 22.0 1.3 114.2 C8H18  
Decane 730.0 23.2 9.5×10
-2 142.3 C10H22  
Propionic acid 990.0 25.5 0.4 74.1 C3H6O2 
 
Butyric acid 959.5 25.9 0.1 88.1 C4H8O2 
 
Pentanoic acid 930.0 26.1 8.5×10




918.1  27.8 2.8×10-4 130.2 C7H14O2 
 
Propylamine 719.0 23.1 33.8 59.1 C3H9N  
Butylamine 740.0 23.8 9.1 73.1 C4H11N  
Hexylamine 766.0 25.4 0.9 101.2 C6H15N  
Methanol 791.8 24.5 13.0 32.0 CH4O  
Ethanol 789.0 23.1 5.9 46.1 C2H6O  
1-propanol 803.4 24.4 2.0 60.1 C3H8O 
 
2-propanol 786.0 21.3 4.2 60.1 C3H8O 
 
1-butanol 810.0 24.3 0.6 74.1 C4H10O  
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Table 3.4 (Continued) Physical and structural properties of organic liquids with 





















802.0 22.5 0.9 74.1 C4H10O 
 
2-butanol 806.3 23.9 1.5 74.1 C4H10O 
 
tert-butanol 780.9 20.6 4.0 74.1 C4H10O 
 
1-Hexanol 814.0 25.3 5.6×10
-2 102.2 C6H14O  
1-Octanol 827.0 27.5 6.6×10
-3 130.2 C8H18O  
1-Decanol 829.0 27.7 5.5×10
-4 158.3 C10H22O  
Ethylene 
Glycol 
1110.0 47.9 1.1×10-2 62.1 C2H6O2  
Glycerol 1260.0 63.1 1.3×10




The vapor pressures were calculated using the Antoine equation (log10(P) = A − (B / 
(T + C))) at 20 °C. A, B and C are Antoine equation parameters taken from the NIST 




Carbon dioxide usually behaves as a gas in air at standard temperature and pressure 
(STP), or as liquid at low temperature and high pressure, or as a solid called dry ice 
when frozen. The phase of CO2 varies with the applied pressure and temperature, as 
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shown in Figure 3.7. At ambient temperature (20 
0
C) CO2 turns from the gas phase into 
liquid phase at approximately 60 bar. If both temperature and pressure increase to 
levels at or above the critical point (31 
0
C and 73 bar), the CO2 would be in the 
supercritical state. Supercritical CO2 is a fluid state of carbon dioxide where it is held 
at or above its critical temperature and critical pressure. It can adopt properties midway 
between a gas and a liquid. Supercritical CO2 exhibits unique behaviour. It behaves 
like a gas but with a density like that of a liquid. It can diffuse through solids like a gas, 
and dissolve materials like a liquid. The density of supercritical CO2 can be readily 
changed given minor changes in temperature or pressure. The density of supercritical 
CO2 is higher than gas CO2 and thus it occupies less volume [17]. However, the 
density of supercritical CO2 density is lower than those of some geo-fluids such as 
water and brine. This leads to the upward migration of CO2. The CO2 used in this 
project was supplied by BOC with a mole fraction purity of ≥ 0.99 in a liquid 
withdrawal cylinder.  
 
 
Figure 3.7 CO2 phase diagram [18] 
 




3.2.3.1 Manufacturing and Cleaning Capillary Tubes 
Glass capillaries with inner diameters of 100-1000 μm were used in the 
measurements. They are made from clean glass tubes (ThermoFisherScientific UK, 
TWL-611-010M; Bilbate, CAP-100-10). Before the pore contact angle 
measurements, general cleaning methods were adopted to clean the capillaries [3, 
19-25]. The glass tubes were washed using sodium hydroxide solution (Fisher 
Scientific, 10M concentrate), nitric acid solution (Fisher Scientific, 10M concentrate), 
and acetone (Fisher Scientific, A/0600/15), and were then rinsed thoroughly with 
deionized water [21, 24]. The glass tubes were then heated up to 550 
0
C on a flame to 
remove any residue of organic contamination and were kept in an ash-proof 
enclosure [21]. Single capillaries of various sizes were obtained by melting the 
middle section of dry and cleaned glass tubes on a butane flame (Butane Battery, 
D2-BS 0167) and drawing the tube to give glass capillaries of various sizes. The 
glass is strongly hydrophilic, and therefore the glass capillaries present water-wet 
pores in this study. 
 
 
3.2.3.2 Polymeric Capillary 
FEP (Fluorinated Ethylene Propylene) and PMMA ((Poly(methyl methacrylate)) are 
polymeric materials, and are thus hydrophobic. The FEP capillary (VICI Valco 
Tubing, VITFEP110, ID/OD: 250 μm/1.6 mm) and PMMA capillary (Paradigm, 
CT250-360-5, ID/OD: 250 μm/360 μm) were used to represent an oil-wet pore in this 
project.  
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Both the FEP and PMMA capillaries used are highly transparent. Thus, the pore 
contact angle can be readily measured. The FEP capillary has a stronger tensile 
strength, and was therefore used for contact angle measurements under high pressure. 
The tube can withstand temperatures up to 100 °C and can be used to up to 206 bar 
for a limited time. The FEP capillary could swell significantly or even break when 
applied pressure is over 100 bar for more than around 15 minutes. Thus, all the 
measurements must be performed under 100 bar and completed within 15 minutes. 
The size of a swollen capillary was within 1.5%×250 μm under 100 bar. 
 
For the CO2-fluid contact angle measurements in a glass capillary under high 
pressure, since the glass capillary cannot stand high pressure, it was coated with the 
FEP tube with an inner diameter (ID) of 0.5 mm and outer diameter (OD) of 1.6 mm, 
as shown in Figure 3.8. For the contact angle measured within a capillary coated by 
another tube, the meniscus image produced would have a higher degree of distortion. 
Cheong et al.’s method [5] can minimize the distortion effect, but the contact angle 




Figure 3.8 A glass capillary coated with a FEP tube for CO2-fluid contact angle 
measurements in a glass capillary under high pressure 
 
 




A sandstone core sample (Berea sandstone) was used for the CO2-water flooding 
experiment (Figure 3.9). The diameter and length of the sandstone core are 2.5 cm 
and 7.5 cm respectively. The absolute horizontal permeability of the sandstone can be 
estimated using Darcy’s law (           ) based on flow velocity ( ), pressure 
drop across the bed (  ), fluid viscosity ( ) and bed length ( ). The absolute 




 or 63000 mD. 
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It is commonly assumed that the wetting of a liquid measured on external planar 
substrates could represent the wetting of the confined liquid in a small pore [1]. 
Because of the lack of a technique for contact angle measurements in small pores, the 
contact angle in a pore has often been approximated from the contact angle measured 
in a sessile drop experiment on a flat surface in an open space [2-5], or theoretically 
calculated by the Lucas-Washburn or Young-Laplace equations [6-11]. Moreover, 
many studies also merely oversimplify the contact angle in a small pore as zero, by 
assuming the liquid to be a perfectly wetting liquid [12, 13]. Most of these previous 
studies, assumptions and simplifications for the estimation of the wetting in porous 
media might be true in some cases. However, they still need to be assessed and 
confirmed [8]. Thus, it is worth while studying the contact angle in small pores 
experimentally to appropriately indicate pore wetting and avoid using incorrect 
contact angles for cases of porous surfaces. In this chapter, the equilibrium contact 
angles of various liquids in single glass capillaries are measured, by using a pore 
contact angle measurement technique [14]. The effects of glass pore size and the 
surface tension and chemical structure of a liquid on the contact angle in a glass 
capillary are considered. The results demonstrate the difference between contact 
angles measured in a glass pore and on a flat glass surface in an open space. The 
information presented in this chapter also lays the foundation and has various 
implications for the next two chapters, concerning dynamic pore contact angle and 
the effect of chemical structure on pore contact angle. 
                                                             
1 This chapter has been published in Chemical Engineering Science 2014;117:137-45 
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4.2 Equilibrium Contact Angle in a Single Glass Capillary 
Liquid imbibition in a single capillary by capillary pressure can be numerically 
described using the Lucas-Washburn equation (     γ     θ   ). The 
Lucas-Washburn equation shows a proportional correlation between the square of the 
imbibition length (l
2
) and time (t) if the contact angle (θ) and capillary size (r) are 
given. Fisher and Lark conducted water imbibition experiments in single micron-size 
glass capillaries, and compared their experimental data with the correlation between 
l
2
/t and r by simply assuming θ=0
0
. They confirmed that their experimental data were 
significantly different from the Lucas-Washburn correlation plotted by assuming 
θ=0
0
 (Figure 4.1). This may imply that the contact angle of water in a glass capillary 
cannot be treated as θ=0
0
 [15]. However, few studies have experimentally proved this 
so far. Many studies still use θ=0
0 
in modeling, simulations or calculations of 
multiphase capillary flows in complex porous media [12, 13]. The water contact 
angles in glass capillaries with pore sizes from 100 to 250 μm are measured in this 
study. The results in Figure 4.2 show that the pore contact angles stay roughly around 
30
0
 and differ greatly from the theoretical assumption using θ=0
0
. Using our 
measured water contact angle of 30
0
 in a glass capillary, Fisher and Lark’s 
experimental data give better agreement with predictions from the Lucas-Washburn 
correlation (Figure 4.1).  
 






/t vs r for water capillary imbibition. (×) Experimental points [15]; (—) 
theoretical line from Lucas-Washburn equation by assuming θ=0
0
; (---) 

































Figure 4.2 Static water contact angles in glass capillaries with a pore size from 100 
to 250 μm. 
 
According to the Young-Laplace equation (Pc=2γcosθ/r), the capillary pressure (Pc) 
can be described based on both the pore contact angle (θ) and capillary radius (r). 
These two parameters are of significance for multiphase flows in porous media. Thus, 
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it was decided to study the relationship between the contact angle in a glass pore and 
glass pore size in the present research. The static pore contact angles in a range of 
glass capillary size from 100 to 1000 μm were measured for four different kinds of 




Figure 4.3 Static pore contact angles for DI water, 1-propanol, n-decane and crude 
oil in glass capillaries with a pore size ranging from 100 to 1000 μm. 
 
Figure 4.3 shows that the static contact angle of liquid in a glass capillary varies with 
glass capillary size. For instance, when the glass pore size decreases from 1000 to 





variation in contact angle with pore size is less significant when the pore size is 
roughly between 300 and 100 μm. The relationships between static contact angle and 
pore size for 1-propanol, n-decane and crude oil were also studied and the results are 
shown in Figure 4.3. It can be seen that these three liquids give similar trends for 
contact angle-pore size. Crude oil and 1-propanol have the smallest and largest 
changes respectively in static contact angles.  
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At a pore size of 1000 μm, the contact angles of water, 1-propanol and n-decane are 
around 20
0
, while the crude oil has a lower static pore contact angle, which is 
approximately 15
0
. However, when the pore size decreases to around 300 μm, the 
static pore contact angle increase for 1-propanol, DI water, n-decane and crude oil 
becomes less significant. The average static pore contact angles of 1-propanol, water, 








 respectively, in the pore size range 
from 100 to 300 μm, Figure 4.3 also shows that the pore contact angles of water and 
1-propanol are always larger than those from crude oil and n-decane.  
 
Many experimental studies have reported the dependence of contact angle on the 
three-phase contact line. Good and Koo proposed that contact angle might depend on 
the three-phase line curvature according to their observations from sessile droplet 
experiments [16]. However, the mechanism of the dependence of contact angle on 
line curvature is not yet well understood [17, 18]. Ward and Sefiane, and Ward and 
Wu reported that the contact angle was a function of three-phase line curvature after 
conducting water-cylinder experiments [19, 20]. They explained these observations 
by the contribution of adsorption at the solid-liquid interface [19, 20]. Mason and 
Morrow proposed that the curvature of an interface in a pore could be related to pore 
shape and size [21, 22]. Brovchemko and Oleinikova stressed the effect of pore size 
on capillary wetting phenomenon of confined water [23]. Tolman, Gleb and Gubbins 
concluded that the surface tension of a small meniscus could be affected by the 
capillary radius [24, 25]. The dependence of the contact angle on the size of a liquid 
droplet on a solid surface has been reported in numerous simulations and 
experiments [26-28]. Neumann et al. proposed that the dependence of the contact 
angle on system size is a result of the effect of the three-phase line tension [26, 
29-34]. This might be one of the important reasons for the dependence of contact 
angle on capillary size. 
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The dependence of contact angle on glass capillary size within the size range from 
300 to 1000 μm might be caused by the effects of the curvature of the three-phase 
line and line tension. However, these factors may not be able to explain the results 
for the contact angles for the glass pore size ranging from 100 to 300 μm in this study. 
Less significant inconsistency regarding the dependence of contact angle on glass 
pore size can be observed with a size range from 100 to 300 μm. A recent study by 
Kaveh et al. proposed an apparent dependence of CO2-water static contact angle on 
the contact radius, and they also observed that the effect of contact radius on contact 
angle became insignificant at small values of contact radius [35]. 
 
Because of the limitations of optical microscopy and the small cylindrical capillaries 
used in this study, the contact angle measurement errors are larger for capillaries with 
smaller sizes. A clear liquid meniscus image is difficult to obtain for the liquid for a 
pore with a size less than 100 μm. Thus, the pore contact angles for capillary sizes 
less than 100 μm are not included. The possible reasons for and mechanisms of the 
dependence of contact angle dependence on glass pore size may be complex. It might 
be jointly affected by three-phase line curvature, vapor saturation conditions, and 
liquid-vapor-solid line tension. Hence, the mechanisms involved cannot be 
confirmed at this stage. They will be further investigated and clarified in future work. 
 
Lam et al. found that different contact angles were formed by various kinds of liquids 
on an identical smooth surface. This difference might not only be caused by their 
surface tensions based on Young’s equation, but also by their different chemical 
molecular structures [36]. The surface tension might not be the only dominant 
parameter affecting contact angle. Young’s equation cannot effectively predict a 
liquid spreading on a solid surface until several assumptions underlying the equation 
are considered [36, 37]. In order to eliminate the effect of surface tension on the 
contact angle in a glass pore, the static pore contact angle at unit surface tension (θ/γ) 
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for each liquid is shown in Figure 4.4. The results indicate that the contribution of 
unit surface tension of 1-propanol (θ/γ) to its contact angle is the highest, while the 
contribution of unit surface tension of water (θ/γ) is the lowest among these four 
liquids. In terms of the chemical structure of the four liquids used in this study, 
1-propanol is a polar amphiphilic organic compound, having two completely 
different parts in a molecule, headed with a strong hydrophilic hydroxyl (-OH) 
function group and ended by a straight alkyl chain which is hydrophobic. These two 
extreme ends of the amphiphile may lead to the highest contribution to the contact 
angle in a glass capillary. On the other hand, the n-decane and crude oil are non-polar 
organics with no -OH group in the carbon chains. This may cause the lower (θ/γ) 
than that from 1-propanol. Thus, the chemical structure of a liquid might 
significantly affect its contact angle in a glass pore. Detailed studies of the effect of 
the chemical structure of amphiphilic organic compounds on pore wetting are 
presented in chapter 6. 
 
 
Figure 4.4 Static pore contact angles at unit surface tension (θ/γ) for water, 
1-propanol, n-decane and crude oil 
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4.3 Comparison of Pore Contact Angle with the Contact 
Angle Measured on a Flat Surface and in an Open Space 
Table 4.1 presents the contact angles for water, 1-propanol, n-decane and crude oil 
measured on a planar glass substrate in an open space and the relevant data available 
in the literature. The contact angles of 1-propanol, n-decane and crude oil are much 
smaller than those of water on a flat glass surface, and this is in very good agreement 
with data reported in the literature [38-42]. Horng et al. explained that this could be 
caused by very high surface energy (72mN/m) and the considerable self-affinity of 
water in air [39]. On the other hand, 1-propanol, n-decane and crude oil give very 
small contact angles on a flat glass surface in an open space. This is due to their weak 
self-affinities, small surface tensions and the significant effect of evaporation in an 
open space. In other words, they have stronger affinities and dispersive interactions 
to the glass surface than to themselves in air [39]. 
 
Table 4.1 Static contact angles on flat glass surface for water, 1-propanol, n-decane 
and crude oil 
 
Liquids Static contact angle on a flat glass surface 
Measured contact angle (
0
) Literature values (
0
) 
Water 20.7±0.7 ≈ 19~24 [41, 42, 45]  
1-propanol 5.1±0.9 ≈0 [38, 40]  
n-decane 3.2±0.5 <5 [39] 
Crude oil 8.3±0.6 <10 [46]  
 
Figure 4.5 compares contact angles measured in a glass capillary and on a planar 
glass substrate. The results indicate that the static contact angles in a small pore are 
larger than those measured on flat glass surfaces in an open space for these four types 
of liquids. The difference between contact angles on a flat glass substrate and in 
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capillaries decreases with increasing pore size. The magnitude of the difference 
varies among the liquids. The most significant difference is in 1-propanol, which is 
around 40
0
. We could observe that the contact angle in a pore tends to approach the 
value measured on a planar substrate once the pore size is large enough.  
 
Overall, the results show that the contact angle of a confined liquid in a glass 
capillary differs from that measured on a planar glass surface in an open space. This 
finding cannot be explained using Young’s equation (γlv cosθ=γsv –γls). According to 
Young’s equation, the contact angle depends solely on the surface energies 
(solid-vapor interfacial tension (γsv), liquid-solid interfacial tension (γls) and 
liquid-vapor interfacial tension (γlv)), rather than the geometry of the surface. 
However, it is essential to note that Young’s equation is only valid when the surface 
is physically and chemically inert to the liquid and sufficiently hydrophobic to form 
an apparent contact angle [43, 44]. In this study, the surface used is strongly 
hydrophilic glass, which has a very high surface energy. Most liquids could readily 
or even completely spread on the glass substrate. Therefore, Young’s equation might 
be applicable in this study. The effect of curved geometry or confinement in a glass 
capillary might be one of the reasons which cause the difference. This phenomenon 
does not exist with the contact angle of liquids on a flat glass substrate in an open 
space. In addition, the effect of the vapor saturation of the liquids used in this study 
could also cause the difference. The contact angle measurement on a flat surface in 
an open space or a large-size pore is performed in a solid-liquid-unsaturated vapor 
system. On the other hand, the pore contact angle in a small-size capillary is 
measured under solid-liquid-saturated vapor conditions. As shown in Figure 4.5, the 
difference between the contact angles measured in a pore and on a flat surface is 
higher for the more volatile liquids. The differences for water, crude oil, n-decane 














Figure 4.5 Comparison of pore contact angles with contact angles on a flat surface. 
(a) water; (b) 1-propanol; (c) n-decane; (d) crude oil 
















In this chapter, the contact angles of various liquids are directly measured in single 
glass capillaries and compared with the contact angles measured on a flat glass 
surface in an open space [14]. The results indicate the following: 
 
(1) The static contact angle of a liquid in a glass capillary varies with the glass pore 
size. When glass pore size decreases from 1000 to around 300 μm, the contact 

















. The contact 
angle increase becomes less significant when the glass pore size ranges between 
100 to 300 μm. None of the contact angles measured in a pore are zero, which is 
the value commonly applied in most of the previous studies in the literature.  
 
(2) Contact angles in a glass capillary not only vary with liquid surface tension, but 
also depend on the liquid’s chemical structure. The polar amphiphilic organic 
compound headed with a strong hydrophilic functional group and ended a 
straight hydrophobic alkyl chain contributes most to the glass pore contact angle. 
The effects of functional group and carbon chain length of amphiphilic organic 
compounds on contact angle in glass pores is discussed in detail in chapter 6. 
 
(3) The contact angle of a confined liquid in a single glass capillary differs from that 
measured on a flat glass surface in an open space. The pore contact angle tends to 
draw close to that on a planar substrate if the pore size is large enough. The 
difference might result from the effects of the curved geometry or confinement, 
three-phase line tension, and the different vapour saturation conditions in a small 
pore and on a flat surface in an open space. 
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Dynamic pore wetting is significant for the understanding of fluid behaviour and 
adsorption in porous media for fuel cells, enhanced oil recovery, groundwater 
movements, nanofluidics and nanolubrication. However, few studies have been 
conducted which measure the dynamic contact angle in a small pore. Most 
experimental and theoretical work on dynamic wettability have considered a planar 
solid substrate rather than pores [1]. It is generally accepted that an ensemble of 
single capillaries with simplified geometries could represent a porous system [2]. In 
this chapter, in order to investigate the dynamic pore wetting phenomenon in porous 
media, the dynamic contact angles of various liquids imbibed into single glass 
capillaries are measured as a function of interfacial velocity during imbibition 
experiment [3]. The dependence of the dynamic pore contact angle on the interfacial 
velocity of the invading liquid is studied. The results reveal the effects of surface 
tension and viscosity of liquids on the dynamic contact angle of liquids in pores.  
 
The dynamic wetting of liquids can be described by Blake’s molecular-kinetic theory 
[4] and a number of empirical correlations [1, 5, 6]. In this study, a new empirical 
correlation is developed to describe the dynamic wetting in a pore in a low capillary 
number regime. Blake’s molecular-kinetic theory is also used to explain our 
experimental the dynamic pore contact angle results. 
 
 
                                                             
2 Some of the content of this chapter has been published in Chemical Engineering Science 2013;104:988-97 
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5.2 Dynamic Contact Angles in Glass Capillaries 
The dynamic contact angles of a number of liquids with various surface tensions and 
viscosities were measured as a function of interfacial velocity in single glass 
capillaries in this study. For example, the dynamic contact angles of silicone oil with 
a viscosity of 9.30×10
-3
 Pa·s in a micron-sized glass capillary for the interfacial 
velocity range from 0 to 0.0012 m/s are shown in Figure 5.1. The results indicate that 
the dynamic contact angle depends on the imbibition rate (interfacial velocity) and 
monotonically increases with imbibition rate. The contact angle of silicone oil at the 
interface velocity of zero corresponds to the static contact angle, which is around 23
°
. 
The dynamic contact angle of silicone oil significantly increases by roughly 15
°
 
when the velocity increases from 0 to 0.0004 m/s. This increase is less significant as 
the imbibition rate increases from 0.0004 to 0.0012 m/s. Within this range, the 




. The measurement errors become 
larger at higher interfacial velocities.  
  
 
Figure 5.1 Experimental data of dynamic contact angles of silicone oil ( =9.30×10
-3
 
Pa·s) in glass capillaries, and data calculated using empirical correlations [1, 5, 6] 




In Figure 5.1, the experimental contact angle data of silicone oil is compared with 
results predicted by empirical correlations [1, 5, 6] in the literature. In general, the 
dynamic contact angles calculated using empirical correlations increase 
monotonically with imbibition rate from 0 to 0.0012 m/s, but their profiles are very 
different. The dynamic pore contact angles calculated from the correlation proposed 
by Seeberg and Berg [1] is much higher than the present experimental data and those 
from other correlations. The dynamic contact angles measured in this study are closer 
to the predictions of Jiang et al.’s [5] and Bracke et al.’s [6] empirical correlations, 
but there are still significant deviations. The comparison might imply that these three 
empirical correlations in literature do not accurately describe the dynamic wetting 
behaviour of liquids in a small pore found in this study.   
 
The dynamic pore contact angles of water, 1-propanol, n-decane, crude oil and 
silicone oil are shown in Figure 5.2, for imbibition rates ranging from 0 to 0.0012 
m/s. When the interfacial velocity increases from 0 to 0.0012 m/s, the dynamic 





, and the contact angle of crude oil increases by approximately 40
 o
. On the 
other hand, the dynamic contact angles of water, 1-propanol and n-decane vary only 
by 3.0-5.2
o
. Thus, the results could indicate that the dynamic contact angles of crude 
oil and silicone oil, which have greater viscosities, are highly velocity-dependent, 
while the dynamic contact angles of water, 1-propanol and n-decane are less 
velocity-dependent. These five liquids have various physical and chemical properties. 
The velocity-dependent dynamic pore wetting behaviour might be jointly affected by 
viscosity and surface tension of the liquid. Thus, these two important properties of 
liquids are studied separately in the following section to reveal the effects of the 
surface tension and viscosity of liquids on their dynamic contact angles in a capillary. 
 





Figure 5.2 Dynamic contact angles of DI water, 1-propanol, n-decane, crude oil and 
silicone oil ( =9.30×10
-3

















Chapter 5   Dynamic Pore Wetting 
105 
 
5.3 Effects of Surface Tension and Viscosity on the Dynamic 
Contact Angle in a Pore 
5.3.1 Effect of Surface Tension 
The effect of the surface tension of a liquid on its dynamic contact angle in a pore is 
illustrated in Figure 5.3. To investigate the effect of surface tension on dynamic pore 
wetting, the effect of liquid viscosity should be minimized. Here, water, and 
1-propanol and its aqueous solutions are used. The surface tensions of water, 
1-propanol aqueous solutions and 1-propanol vary significantly from 24.4 to 72.0 





 Pa·s. Figure 5.3(a) indicates that these four liquids have similar dynamic 














Figure 5.3 (a) Dynamic contact angle; and (b) contact angle variation from 0 to 
0.0012 m/s of water (γ=72.0 mN/m;  =8.94×10
-4
 Pa·s), 1-propanol (γ=24.4 mN/m; 
 =1.94×10
-3
 Pa·s), 5wt% 1-propanol aqueous solution (γ=46.2 mN/m;  =1.10×10
-3
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Figure 5.3(b) indicates that the variation between the cosine of the equilibrium 
contact angle and the dynamic contact angle at an interfacial velocity of 0.0012 m/s 
(cosθs-cosθd) increases positively and linearly with the reciprocal of surface tension 
(1/γ). Water has the highest surface tension (72.0 mN/m), while its dynamic contact 
angle increases insignificantly at an interfacial velocity of 0 to 0.0012 m/s, only by 3
°
. 
The 5 wt% and 10 wt% 1-propanol aqueous solutions have lower and close surface 





 respectively. 1-propanol has the lowest surface tension 
(24.4 mN/m), while the variation of dynamic contact angle with interfacial velocity 
is more significant at around by 5.2
°
. Therefore, it can be concluded that the 
velocity-dependent dynamic pore contact angle can be affected by the surface tension 
of liquid, and this effect is more significant for liquids with lower surface tension. 
 
It can also be seen from Figure 5.3(a) that the static contact angles of water and 
1-propanol aqueous solutions are significantly different from those of 1-propanol at 
the interfacial velocity of zero. Water and 1-propanol aqueous solutions have similar 
equilibrium contact angles of around 30
°
, but the static contact angle of 1-propanol is 
much higher by 10
°
. This is due to the effect of the concentration of the amphiphile in 
an amphiphile-water mixture on the glass pore contact angle, which is discussed in 
detail in Chapter 6. 
 
 
5.3.2 Effect of Viscosity 
Five silicone oils were used in this study to investigate the effect of the viscosity of a 
liquid on its dynamic pore contact angle. The viscosities of these five silicone oils are 
significantly different, ranging from 9.30×10
-3
 Pa·s to 9.70×10
-1 
Pa·s, but they have 
very similar surface tensions of around 20 mN/m. The effect of liquid viscosity on 
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the dynamic contact angle in a pore is shown in Figure 5.4. Figure 5.4 (a) indicates 
that these five silicone oils have similar dynamic contact angle trends. The contact 
angle monotonically increases with interfacial velocity. However, they give different 
magnitudes of contact angle variation (Figure 5.4(b)). The results show that viscosity 
significantly affects the dynamic contact angle but not the static contact angle (Figure 
5.4 (a)). The static contact angles of all the silicone oils stay at around 23
°
. However, 
the dynamic contact angles of the more viscous silicone oils are always higher than 
those from less viscous silicone oils at the same interfacial velocity. Figure 5.4(b) 
indicates that the difference between the cosine of the equilibrium contact angle 
(cosθs) and dynamic contact angle (cosθd) at an interfacial velocity of 0.001 m/s 















                   (b) 
 
Figure 5.4 (a) Dynamic contact angle; and (b) contact angle variation (cosθs-cosθd) 









 Pa·s and 9.70×10
-1 
Pa·s and similar surface 
tensions of 19.4 mN/m, 20.8 mN/m, 20.9 mN/m, 21.2 mN/m and 21.2 mN/m 
respectively. The scale in the x-axis (the viscosity of silicone oil) of (b) is logarithmic 
with base 10. 




Thus, we can conclude that the dependence of the contact angle on interfacial 
velocity is more significant for liquids with lower liquid-gas surface tension and 
higher viscosity in porous materials. For example, Friedman proposed that the 
dynamic contact angle depends on the velocity more markedly for NAPLs than for 
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5.4 A New Empirical Correlation for Dynamic Pore Contact 
Angle  
Dynamic wetting could be expressed by the empirical correlations proposed by Jiang 
et al. [5], Bracke et al. [6] and Seebergh et al. [1]. All these empirical correlations 
describe the dynamic contact angle as a function of the capillary number (Ca) and the 
static contact angle (θs): 
 
 θ        θ                                                       (5.1) 
 
where Ca is the capillary number defined as the ratio of viscous forces to interfacial 
forces:        γ. 
 
All three of these empirical correlations can be unified into a “universal function” [1] 
as: 
                                            
   
   θ     θ 
   θ   
                                                 (5.2) 
 
                                                                   (5.3) 
 
where H is the dimensionless function for dynamic contact angle, and A and B are 
correlation constants. Although the correlations can follow a linear relationship 
between          and          , different constants (A,B) are required to fit the 









Table 5.1 Empirical correlations and fitting parameters for dynamic contact angle in 
the literature 
 




Jiang et al. [5]   
           
       
             
 
         = 0.702           + 0.70 
 
4.96 0.702 
Bracke et al. [6]   
           
       
        
 
         = 0.5           + 0.30 
 
2 0.5 
Seebergh and Berg [1]   
           
       
            
 




The dynamic wetting empirical correlations proposed by Jiang et al. [5], Bracke et al. 
[6] and Seebergh et al. [1] are presented in Table 5.1. The correlations proposed by 
Jiang et al. and Bracke et al. are preferred to describe dynamic wetting for a high 
capillary number regime, such as when the capillary number is over 0.001 [5, 6]. 
Seebergh and Berg noticed that the contact angles predicted by Jiang et al. and 
Bracke et al. had weak consistency with experimental contact angle data for low 
capillary numbers (10
-3 
< Ca < 10
-7
) [1]. Thus, Seebergh and Berg extended the 
dynamic contact angle measurements to a low capillary number region. They 
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proposed an empirical correlation to describe dynamic wetting behaviour at low 
capillary numbers and considered the effect of the stick-slip phenomenon [1]. 
 
 
Figure 5.5 Comparison of empirical correlations (Table 5.1) with the experimental 
data in the present study in a low capillary number (Ca) range 
 
As discussed, a few empirical correlations have been developed to describe dynamic 
wetting behaviour [1, 5, 6]. However, these correlations have not been developed to 
describe the dynamic contact angle in a micron-sized pore. In Figure 5.5, our 
experimental dynamic pore contact angle data is compared with the results calculated 
by these previous empirical correlations. Based on Equation 5.3, all the data is 
plotted using          against          . The comparison shows that our 
experimental results are different from predictions based on the empirical 
correlations proposed by Jiang et al. [5], Bracke et al. [6], and Seeberg and Berg [1]. 
Our experimental values are larger than the data calculated from the correlations 
developed by Jiang et al. [5] and Bracke et al. [6]. The dynamic pore contact angles 
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calculated using Seeberg and Berg’s [1] correlation differ from and are greater than 
our experimental results, even though a similar capillary regime was investigated in 
Seeberg and Berg’s work [1] and this study. The Seebergh and Berg [1] correlation 
concerns the stick-slip effect on the dynamic contact angle. For their systems, the 
stick-slip effect might produce a large degree of scatter. Thus, this might be one of 
the reasons why Seebergh and Berg’s [1] correlation gives the highest estimation of 
dynamic contact angles. Stick-slip behaviour mainly results from the effect of rough 
surfaces. However, smooth capillary interiors were used in this study, and thus the 
stick-slip effect will have been negligible. 
 
The contact angle trends in Figure 5.5 show that our measured          for all the 
liquids are very close and increase with           in a linear fashion when the 
capillary number (          ) is less than -4.75. The measured          varies with 
the liquids used when the capillary number (         ) is greater than -4.75. The 
highest          can be observed for crude oil, even though its surface tension and 
viscosity are similar to those of silicone oil ( = 9.30×10
-3
 Pa·s). This most significant 
difference in crude oil’s dynamic contact angle might be attributed to the dewetting 
behaviour caused by the effect of the amphiphilic surfactants in the crude oil on the 
invading interface on a high-energy glass surface [7-10]. The effect of amphiphile 
organic compounds on glass pore wetting is discussed in detail in the following 
chapter. 
 
A linear least-square fit of the experimental data yields Equation 5.4, based on a 
good linear relationship between          and           for capillary number 
          ranging from -7.0 to -4.75. This adopts the same format as the empirical 
correlation in Equation 5.3 in which          increases linearly with           
(Figure 5.5): 
 




                                                                (5.4) 
 
Equation 5.4 is a regression of the dynamic contact angles in a pore based on our 
experimental data. The dynamic contact angle predicted by our correlation is greater 
than those of Jiang et al.’s [5] and Bracke et al.’s [6] correlations, but smaller than 
Seeberg and Berg correlation [1]. The constants A and B in Equation 5.4 differ from 
those in Jiang et al. [5], Bracke et al. [6] and Seeberg and Berg [1] (Table 5.1). This 
new empirical correlation developed here can be used to predict the dynamic contact 
angle in a small pore for liquids with a capillary number (         ) less than -4.75 
in a low capillary number range (1.0×10
-7
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5.5 Prediction of Dynamic Pore Wetting by 
Molecular-kinetic Theory 
Blake developed a molecular-kinetic theory of a three-phase moving line [11, 12] 
based on an adsorption/desorption model. The imbibition rate (penetration/interfacial 
velocity) is given by: 
 
   
  
  
    λ     
γ    θ     θ  
     
                                     (5.5) 
 
For small values of      
 
     
  in Eq (5.5), the Eq (5.5) can be linearized to [13] 
 






   









                                               (5.7) 
 
where    
   
κ λ
   is a coefficient of so-called ‘wetting line friction’[14]. 
 
where κ  is the frequency of molecular displacement (s
-1
), n denotes the number of 






), λ is the average length of each molecular 





). The term γ    θ     θ   can be regarded as the 
nonequilibrated surface tension force needed to drive the motion of the wetting line.  
 
Because our empirical correlation cannot adequately describe the dynamic pore 
contact angles in a large capillary number regime (Ca>1.8×10
-5
,         >4.75), 
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Blake’s molecular-kinetic theory (Equation 5.5) can be used to describe the dynamic 
pore contact angle of a liquid with a higher viscosity or larger capillary number by 
fitting two important parameters of liquids, the frequency of molecular displacement 
(κ0) and the average length of displacement (λ) in Equation 5.6 (Table 5.2). Bertrand 
et al. defined a coefficient based on molecular-kinetic theory called the wetting line 
friction (ζ=kBT/κ0λ
3
 in Equations 5.6 and 5.7)) involving frequency of molecular 
displacement (κ0) and average length of displacement (λ) [14]. This wetting line 
friction coefficient depends on both fluid viscosity and liquid-solid interaction [14]. 
The wetting line friction coefficients for the dynamic pore wetting of our measured 
liquids are calculated and shown in Figure 5.6, showing a similar trend as for liquid 
viscosity. The wetting line friction coefficient increases from the less viscous liquids 
to NAPLs (non-aqueous phase liquids) with higher viscosities. If this coefficient 
could be estimated, the dynamic pore contact angle can be readily determined based 
on Equation 5.7. Thus, all the dynamic pore wetting phenomena can be well 
described. In this study, the wetting line friction coefficients of water, n-decane, 
1-propanol, crude oil and silicone oils in glass pores were evaluated. Because of the 
importance of this coefficient, the wetting line friction coefficients for other liquids 




















λ (molecular displacement 
length) 











Silicone oil (10cst) 2 5.00×10
4
 
Crude oil 1.43 8.80×10
4
 
Silicone oil (50cst) 1.9 2.00×10
4
 
Silicone oil (100cst) 1.8 1.85×10
4
 
Silicone oil (500cst) 1.74 7.40×10
3
 





Figure 5.6 Wetting line friction coefficients of various liquids 




This chapter mainly focuses on the direct measurements of the dynamic contact 
angles of various liquids in a single glass pore by conducting spontaneous imbibition 
experiments, and determine the effects of surface tension and the viscosity of liquids 
on the dynamic pore contact angle [3]. A new empirical correlation is developed to 
describe the dynamic wetting in a small pore at a low capillary regime. The results 
indicate that: 
 
(1) The dynamic contact angle of a liquid in a pore varies and increases monotonically 
with interfacial velocity. 
 
(2) The dynamic pore contact angle is significantly affected by the surface tension and 
viscosity of liquids. A liquid with higher viscosity or lower surface tension tends to 
have greater variation in dynamic contact angle with changing interfacial velocity.  
 
(3) A new empirical correlation (Equation 5.4) developed based on our experimental 
data can describe the dynamic wetting of liquids in a small pore at a low capillary 
number regime (1.0×10
-7




(4) The dynamic pore contact angles of highly viscous liquids (crude oil, silicone oils) 
with larger capillary numbers (1.80×10
-5
 < Ca< 6.74×10
-3
) could be effectively 
described by Blake’s (1998) molecular-kinetic theory by estimating the wetting line 
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Chapter 6: Effect of Chemical Structure of 
Organics on Pore Wetting 
 
6.1 Introduction 
Young’s equation can describe the extent of wetting in terms of the contact angle (θ) 
and surface tension (γ). An important conclusion of this equation is that a liquid with 
low surface tension is expected to give a small contact angle or to completely spread 
on a solid surface with high energy, such as glasses, metals and oxides [1]. However, 
some pure organics with low values of surface tension form a large contact angle on 
mica or glass surfaces instead of completely spreading [2, 3]. Zisman and co-workers 
noted that some amphiphilic organic compounds with low surface tensions did not 
completely spread on high-energy solid surfaces [4, 5]. An oriented monolayer of 
amphiphilic molecules forms on the high-energy solid surface because of the 
sufficiently strong surface interaction between the solid surface and the liquid 
molecules. This leads to the incomplete spreading of the amphiphlic liquid on its 
own monolayers, which is called autophobing [5, 6]. Some studies have reported the 
incomplete spreading of pure amphiphiles and amphiphile aqueous solutions on a 
high-energy hydrophilic flat substrate [7-12], but few such studies have been 
conducted in a small pore. 
 
Most amphiphilic organics are fundamental components of nonionic surfactants, 
which are tailed with hydrophobic groups (apolar fatty alkyl chains) but headed with 
hydrophilic functional groups such as –OH, -NH2 and -COOH. However, the effects 
of the functional and alkyl groups of these amphiphilic organic compounds on the 
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pore wetting of high-energy hydrophilic surfaces have not been systematically 
investigated. This chapter examines the effects of functional group (-OH, -NH2, 
-COOH) and the length and structure of alkyl chains of pure amphiphilic organic 
compounds on their contact angles in glass and polymeric capillaries. As is well 
known, pore wetting is a crucial factor for the estimation of the displacement of oil 
by water and oil-water migration in the enhanced oil recovery process. The 
information presented in this chapter can give some indications as to how chemical 
structure affects pore wetting, and further influences the displacement and migration 
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6.2 Pore Contact Angle of Pure Amphiphile 
The contact angles in a glass pore and on a flat glass surface for the organics used in 
this study are shown in Figure 6.1. The results indicate that contact angle varies with 
the functional group, the length of the carbon chain, and the arrangement of carbons 
in the alkyl chain of organics, even though their surface tensions are very similar 
(~20 mN/m). The change in contact angle is not proportional to the change in liquid 
surface tension. Alkanols, alkylamines and alkyl carboxyl acids have similar surface 
tensions, but some of them give very different contact angles. For instance, heptanoic 
acid, 1-octanol and 1-decanol have similar surface tensions to those of all of the other 
organics (~20 mN/m), but give a contact angle of around 20
o
 which is much larger 
than the contact angles from other organics on a flat glass surface by more than 10
o
, 
as shown in Figure 6.1. The long-chain alkyl acids, amines and alcohols have low 




 on a flat surface 
and in a pore respectively.  
 




Figure 6.1 Contact angles in a glass pore and on a flat glass surface and the surface 
tensions for the organics used in this study 
 
The contact angles of most organics on a flat glass surface are always smaller than 
those in a glass pore (Figure 6.1). This difference has been discussed and explained 
in chapter 4. The difference in the contact angles measured in a small pore and on a 
flat surface in an open space might also mainly result from the effects of curved 
geometry or confinement and the three-phase line curvature in a capillary, as well as 
the different vapor saturation conditions on a flat surface and in a small pore [13].  
  
The alkanols, alkyl amines and alkyl carboxyl acids with an alkyl chain over 4 
carbon atoms gave contact angles over 40° and 20° in a glass pore and on a flat glass 
surface respectively. The large contact angles of long-chain amphiphilic organic 
Chapter 6                                     Effect of Chemical Structure of Organics on Pore Wetting 
126 
 
compounds in a glass pore and on a flat glass surface might be caused by the 
adsorption of oriented amphiphile layers on the high-energy surface, which is called 
autophobing [7-12, 14-17]. It has been reported that several organics with low 
surface tensions cannot spread completely on high energy solid surfaces under their 
own saturated vapor [4-6]. The adsorbed amphiphile molecules lead the solid-vapor 
interfacial tension (γSV) to be lower than the solid-vacuum interfacial tension (γS), and 
thus result in incomplete spreading and the higher contact angle of the drop [16-18].  
 
 
Figure 6.2 Comparison of contact angles measured in a glass pore and a PMMA pore 
 
In addition, the pore contact angles of the amphiphiles used in this study were also 
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measured in a PMMA (polymethyl methacrylate) capillary, and compared with those 
in a glass capillary as shown in Figure 6.2. PMMA is hydrophobic, oil-wet and has 
low surface energy (γS ≈ 38 mN/m) [18]. The results indicate that all the organics give 
similar and small pore contact angles of 20
o
. The wetting behaviour of amphiphilic 
organic compounds in an oil-wet pore is not significantly related to the molecular 
structure of the amphiphile. 
 
Novotny and Marmur demonstrated that the amphiphile vapor film formation 
mechanism involved evaporation followed by adsorption rather than surface 
diffusion [17]. As the amphiphile layer is formed by evaporation, its vapor pressure 
must be considered as one of the important factors in this study. However, the results 
shown in Figure 6.3 indicate that the contact angles of alkanols, alkylamines and 
alkyl carboxyl acids do not clearly relate to their vapor pressures. Novotny and 
Marmur suggested that the adsorbed vapor film could be mainly controlled by the 
adsorption characteristics of the amphiphile molecules rather than vapor pressure 
[17]. In Figures 6.2 and 6.3, the contact angle of pure amphiphile in a glass pore 
varies greatly with molecular structure and molecular weight. The effect of molecular 
structure on contact angle is likely to be complex. In the following sections of this 
chapter, the effects of functional group and the alkyl chains of amphiphiles on the 














Figure 6.3 Contact angles in a pore and on a flat surface and vapor pressures at 20°C 
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6.3 Effects of Functional Group and Alkyl Chain of 
Amphiphile on Pore Wetting 
Three amphiphilic organic compounds were used to investigate the effect of 
functional group on glass pore wetting. They have the same alkyl chain length with 
three carbon atoms but with different hydrophilic functional groups, namely carboxyl 
acid (-COOH), amino (-NH2), and hydroxyl (-OH) groups. The results in Figure 6.4 
indicate that the effect of functional group on contact angle in a glass pore is in the 
order of θ-OH > θ-COOH ≈ θ-NH2, but their surface tensions are similar and at around 20 
mN/m. Pentane and 1-propanol have the lowest and largest pore contact angles, 
which are 26.6° and 42.0° respectively. Similar pore contact angles are given by 
propylamine and butyric acid at around 34°. The amphiphilic organics with 
functional groups have larger pore contact angles than that of the nonpolar alkane.  
 
 
Figure 6.4 Contact angles of pentane, propionic acid, propylamine and 1-propanol in 
a glass pore 




The results in Figure 6.5 further demonstrate the effect of functional group and also 
indicate the effect of the length of the straight alkyl chain on glass pore contact angle. 
It is clearly shown that the contribution of the functional groups studied on glass pore 
wetting is in the order: alkanol > alkyl amines ≈ alkyl carboxyl acid. For the 
saturated alkanes, the pore contact angle does not vary with the length of the alkyl 
chain. The pore contact angles of pentane, hexane, octane and decane remain at 
around 26°. However, once a polar functional group is introduced to the molecule, 
the pore contact angle increases significantly with alkyl chain length. For instance, 
the pore contact angle of ethanol is larger than that of methanol by 3°. The effect of 
alkyl chain length becomes more significant when the number of carbon atoms in the 
straight alkyl chain increases from 3 to 6. The pore contact angle of 1-hexanol 
(C6H13OH) is larger than that of 1-propanol (C3H7OH) by 14°. The contact angles of 
alkylamines and alkyl carboxyl acids are similar at the same alkyl chain length. They 
are smaller than the contact angles of alkanol by 6~10°. However, the dependence of 
glass pore contact angle on alkyl chain length for alkylamines and alkyl carboxyl 
acids is consistent with that for alkanols in the range of alkyl chain length from 1 to 6. 
When the number of carbon atoms in the alkyl chain is more than 6, the pore contact 
angle of alkanols increases with alkyl chain length less significantly. The difference 
between the pore contact angles of 1-decanol (C10H21OH) and 1-hexanol (C6H13OH) 
is only 5°. Alkyl amines and alkyl carboxyl acid with more than 6 carbons are solids. 
Methylamine and ethylamine are gases at ambient conditions. Thus, they were not 












Figure 6.5 Pore contact angles of alkanes, alkanols, alkylamines and alkyl carboxyl 
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6.4 Effects of Structural Isomer and Symmetrical Structure 
on Pore Wetting 
To investigate the effect of the alkyl chain structure of amphiphilic organic 
compounds on pore contact angle, the structural isomers of 1-propanol and 1-butanol 
were used in this study. 2-propanol is the only structural isomer of 1-propanol. Its 
alcohol carbon is attached to two other carbons ( ). 1-butanol has three structural 
isomers, which are 2-butanol, 2-methyl-1-propanol and tert-butanol. 2-butanol is a 
straight chain isomer with the hydroxyl at an internal carbon ( ), 
2-methyl-1-propanol is a branched isomer with the hydroxyl at a terminal carbon 
( ) and tert-butanol is a branched isomer with the hydroxyl at the internal 
carbon ( ). As shown in Figure 6.6, the difference in pore contact angle between 
1-propanol and 2-propanol is 12°. This is caused by their different propyl chains. The 
straight n-propyl chain of 1-propanol gives a larger pore contact angle than that given 
by the isopropyl of 2-propanol, by 12°. Similarly, the structural isomers of 1-butanol 
also give various pore contact angles. The straight n-butyl chain of 1-butanol gives 
the largest pore contact angle of 49°. The pore contact angles of 2-methyl-1-propanol 
and 2-butanol are smaller, which are 46° and 35° respectively. This is caused by the 
effects of the isobutyl group of 2-methyl-1-propanol and the sec-butyl group of 
2-butanol. The difference between isobutyl and sec-butyl group is in the location of 
the methyl side chain. The methyl side chain on the alcohol carbon tends to reduce 
the pore contact angle more significantly than the methyl side chain on the internal 
carbon. The pore contact angle of tert-butanol is the smallest, which is only around 
29°. This is due to the two methyl side chains on the alcohol carbon and the shortest 
carbon backbone chain. Overall, it can be concluded that the structure of the alkyl 
chain of an amphiphilic organic compound has a significant effect on glass pore 
wetting. The straight alkyl chain favours the pore contact angle most and the side 
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chain on the carbon of the backbone tends to reduce the pore contact angle, and the 
side chain on the alcohol carbon decreases the pore contact angle most significantly. 
 
 
Figure 6.6 Contact angles of structural isomers of 1-propanol and 1-butanol in a 
glass pore 
 
The effect of the hydroxyl group on the pore contact angle as shown in Figures 6.5 
and 6.6 was investigated by using the alkanols with only one hydroxyl located on the 
terminal carbon, such as in ethanol and 1-propanol. An alkanol with a single 
hydroxyl has a larger pore contact angle than the alkane with the same chain length. 
To investigate the effect of multiple hydroxyls on the pore wetting of alkanols, 
ethylene glycol and glycerol were used. They have the same number of carbons as 
ethanol and 1-propanol but have two and three hydroxyls respectively on all carbons 
of their backbone chains. As shown in Figure 6.7, the pore contact angles of ethylene 
glycol and glycerol are smaller than those of ethanol and 1-propanol by 4.5° and 17° 
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respectively. The pore contact angle is not increased by increasing the number of 
hydroxyls in the alkanols. Instead, the pore contact angle is significantly reduced due 
to the symmetrical molecular structure formed by introducing more hydroxyl 
functional groups on the backbone chain carbons. 
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6.5 Contact Angle of Amphiphile Aqueous Solution 
The contact angles of aqueous solutions of amphiphilic organic compounds were also 
studied in hydrophilic glass pores and hydrophobic PMMA pores. The amphiphiles 
include methanol (CH3-OH), ethanol (CH3-CH2-OH), 1-propanol 
(CH3-CH2-CH2-OH), propylamine (CH3-CH2-CH2-NH2) and propionic acid 
(CH3-CH2-COOH). The mass fractions of amphiphiles in the amphiphile aqueous 
solutions range from 0 to 1.  
 
Figure 6.8 (a) and (b) indicate the contact angles of methanol, ethanol and 1-propanol 
aqueous solutions in a PMMA pore and glass pore respectively. The surface tensions 
of these alcohol aqueous solutions are also shown in Figure 6.8. From the surface 
tension curves of the alcohol aqueous solutions, it is clear that the surface tension of 
alcohol aqueous solution changes markedly with alcohol concentration before 
reaching the CMC (Critical Micelle Concentration). After reaching the CMC, the 
surface tension remains relatively constant or changes with a lower slope. 
 
In a PMMA pore (Figure 6.8 (a)), the contact angle trends of alcohol aqueous 
solutions are similar to their surface tension trends. The contact angle decreases with 
increasing alcohol concentration before it reaches its CMC. Beyond the CMC, the 
contact angle stops decreasing and remains at around 20°. The three alcohols have 
different CMCs, where 1-propanol has the lowest at 0.4 and methanol has the highest 
at 0.9. The contact angle of 1-propanol aqueous solution decreases with alcohol 
concentration most significantly and approaches a constant at its CMC of 0.4 in a 
PMMA pore. In comparison, the contact angles of ethanol and methanol aqueous 
solutions vary with alcohol mass fraction less significantly. They reach constant 
values at their CMCs of 0.6 and 0.9 respectively in PMMA pores.  




However, in a glass pore (Figure 6.8 (b)), the effect of the concentration of 
amphiphile on the pore contact angle is significantly different from that in a PMMA 
pore. The contact angles of the three alcohol aqueous solutions do not change 
significantly with alcohol concentration or surface tension when the alcohol mass 
fraction ranges from 0 to 0.6 (Figure 6.8 (b)). When the mass fraction exceeds 0.6, 
the alcohol concentration does start to affect the pore contact angles of ethanol and 
1-propanol aqueous solutions. Their contact angles increase with alcohol 
concentration. This increase is more significant for the contact angle of 1-propanol 
aqueous solution than that of ethanol aqueous solution. The contact angle of 
methanol aqueous solution does not vary significantly with methanol concentration 













Figure 6.8 Contact angles of methanol, ethanol and 1-propanol aqueous solutions in 
a (a) PMMA pore and (b) glass pore 
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Figure 6.9 (a) and (b) show the contact angles of 1-propanol, propylamine and 
propionic acid aqueous solutions in a PMMA pore and a glass pore respectively. The 
results further prove the findings in Figure 6.8. In a PMMA pore (Figure 6.9 (a)), the 
contact angle trend follows the surface tension trend. Increasing amphiphile 
concentration before the CMC in the amphiphile aqueous solutions leads to dramatic 
decreases in contact angles. The contact angle does not markedly vary with 
amphiphile concentration beyond the CMC. 1-propanol aqueous solution has the 
lowest CMC, giving the most significant contact angle decrease. By contrast, the 
contact angles of propylamine and propionic acid aqueous solutions vary with their 
concentrations less significantly in PMMA pores.  
 
In a glass pore (Figure 6.9 (b)), the contact angles of aqueous solutions of 
amphiphiles do not change with their concentration or surface tension until the mass 
fraction reaches around 0.6. When their mass fractions are over 0.6, the contact 
angles of 1-propanol and propionic acid aqueous solutions vary with their 
concentrations but showing different trends. The contact angle of 1-propanol aqueous 
solution increases with its concentration. However, increasing concentrations of 
propionic acid aqueous solution decrease its contact angle. The concentration of 
propylamine aqueous solution has no significant effect on its contact angle in a glass 
pore. 
 
Thus, it can be concluded that the contact angles of amphiphile aqueous solutions in 
a PMMA pore significantly differ from those in a glass pore. In a PMMA pore, the 
contact angle changes with the surface tension or concentration of the amphiphilic 
aqueous solution. The contact angle decreases with surface tension before the alcohol 
concentration reaches its CMC. Beyond the CMC, the contact angle remains constant. 
The surface tension does significantly affect the contact angle. However, in a glass 
pore, the contact angle does not significantly vary with surface tension or amphiphile 
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concentration. When the amphiphile mass fraction is over around 0.6, the chemical 
structure of the amphiphile affects the contact angle. Long-chain alcohol aqueous 





Figure 6.9 Contact angles of 1-propanol, propylamine and propionic acid aqueous 
solutions in a (a) PMMA pore and (b) glass pore 




In this chapter, the contact angles of a range of pure amphiphilies and amphiphilie 
aqueous solutions in a glass pore and a PMMA pore are measured, in order to reveal 
the effect of the chemical structure of organics on pore wetting in terms of functional 
group, alkyl chain length and chain structural isomer. The main results indicate that: 
 
(1) Contact angles of organics in a glass pore and on a flat glass surface depend on their 
chemical molecular structure. Some organics have very similar surface tensions, but 
their contact angles are very different in a glass pore due to the contributions from 
the effects of functional groups, alkyl chain length and alkyl chain structure. These 
effects on the contact angle are more significant in a glass pore than on a flat glass 
substrate. However, the chemical structure of the amphiphile only affects the 
contact angle in a hydrophilic glass pore. The findings cannot be applied to the 
hydrophobic oil-wet PMMA surface. 
 
(2) The amphiphilic organics with functional groups of hydroxyl, amino and carboxyl 
acid have larger pore contact angles than non-polar organics, of the order of θ-OH > 
θ-NH2 ≈ θ-COOH. The pore contact angles of polar amphiphiles increase with the 
length of the straight alkyl chain. However, the pore contact angles of non-polar 
organics do not depend on alkyl chain length. The structure of the alkyl chain of 
amphiphilic compounds also has an effect on glass pore wetting. The straight alkyl 
chain contributes most to pore contact angle and the side chain on the carbon of 
backbone tends to reduce pore contact angle. The symmetrical molecular structure 
of organics gives the smallest contribution to pore wetting. However, even though 
the effect of chemical structure of amphiphile on glass pore wetting has been 
addressed, the true mechanism behind this may be complicated and cannot be 
confirmed in this study. This needs to further investigation. 
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(3) The contact angles of amphiphile aqueous solutions in an oil-wet pore are 
significantly different from those in a water-wet pore. In an oil-wet pore, the 
amphiphile concentration or surface tension does affect the contact angle. The 
contact angle data follows the surface tension trend. However, in a glass pore, the 
contact angle does not vary significantly with surface tension or amphiphile 
concentration. When the mass fraction is over around 0.6, the chemical structure of 
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Chapter 7: Gas/Liquid/Supercritical 






The pore wetting of deep saline aquifers and oil reservoirs is a principal factor in the 
control of CO2 trapping, mobility, storage capacity and in the performance of CO2 
storage and CO2-enhanced oil recovery. However, CO2-fluid contact angle 
measurements on non-flat substrates still remain a challenge; few measurements 
have been directly carried out in micro-size pores to characterize CO2 pore wetting. 
In addition, the contact angle of the CO2-water/brine-mineral surface system has 
been regarded as a subject of controversy [1]. Some studies have reported that the 
contact angle does not depend on the CO2 phase or pressure [2-5]. For instance, 
Espinoza and Santamarina concluded that the CO2-water/brine contact angle was 
independent of pressure and CO2 phases from their sessile drop experiments on 
calcite and quartz surfaces [4]. Bikkina did not see any clear variation in the 
CO2-water contact angle with changes in pressure or CO2 phase [2]. However, other 
researchers have insisted that the CO2 phase or pressure does affect the contact angle 
[1, 4, 6-12]. For example, Saraji et al. proposed that change in the CO2-water contact 
angle occurred mostly in the CO2 phase transition zone and then remained 
unchanged [1]. Sutjiadi-Sia et al. observed that the CO2-water contact angle on PTFE, 
stainless steel and glass surfaces increased gradually with pressure increase [6]. Due 
to these discrepancies in the previous studies and the unclear underlying mechanism, 
                                                             
3 This chapter has been published in International Journal of Greenhouse Gas Control 36 (2015) 106-113. 
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it is necessary to work on this further. 
 
In this chapter, the CO2-fluid contact angles in a single capillary are directly 
measured, taking into consideration of the effect of CO2 phase (gas, liquid and 
supercritical). The fluids used in this study were deionized water, n-decane and brine 
with a salinity of 3 M NaCl. A hydrophobic FEP (fluorinated ethylene propylene) 
capillary and a hydrophilic glass capillary were used, representing the oil-wet and 
water-wet pores in reservoirs respectively. The pore contact angle measurements in 
this study should advance the understanding of CO2-fluid pore wetting in aquifers 
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7.2 CO2-fluid Contact Angles in an Oil-wet Pore 
The equilibrium CO2-water contact angles in a FEP pore in a pressure range from 0 to 
100 bar at 20 °C are shown in Figure 7.1. The FEP capillary is used to represent an 
oil-wet pore. The results show that the gas CO2-water pore contact angle remains 
almost constant around 115° when the pressure is less than 50 bar. At 20 °C, CO2 turns 
from the gas phase to the liquid phase at a boundary pressure approximately between 
50 and 60 bar. When the pressure increases over the CO2 vapor-liquid boundary 
pressure, the contact angle suddenly increases to approximately 150° (Figure 7.1). The 
liquid CO2-water contact angle does not depend on pressure significantly when the 
pressure further increases from 60 to 100 bar. The results clearly indicate that the 
CO2-water contact angle in a FEP pore can be significantly altered when the CO2 phase 
changes from gas to liquid. The effect of pressure on the CO2-water contact angle is 
insignificant if there is no CO2 phase change. Detailed results for the CO2-water pore 
contact angle under a pressure range from 50 to 60 bar are presented in the small 
diagram in Figure 7.1. The sudden change in contact angle actually occurs at 57 bar at 
20 °C, which corresponds to the CO2 phase change. 
 




Figure 7.1 CO2-water contact angle in a FEP pore versus pressure at 20 °C (small 
diagram: contact angle data from 50 to 60 bar) 
 
Since brine and oil are common reservoir fluids in oil reservoirs and saline aquifers, 
brine and n-decane were also used to study CO2-brine and CO2-decane contact 
angles in a micron-sized pore. The brine used in this study is NaCl aqueous solution 
with a NaCl concentration of 3 M (~200 g(NaCl)/kg(water)). Figure 7.2 (a) presents 
the water-CO2, brine-CO2 and decane-CO2 contact angles in a FEP pore under a 
pressure range from 0 to 100 bar at 20 °C. It can be seen that the effect of salinity on 
the CO2-water/brine contact angle in a FEP pore is not significant. The CO2-brine 
contact angle shows a very similar trend to the one for the CO2-water contact angle. 
The gas CO2-water and gas CO2-brine contact angles remain around 115°~118° in the 
pressure range from 0 to 50 bar. When the pressure exceeds the CO2 vapor-liquid 
boundary pressure, both CO2-water and CO2-brine contact angles increase to around 
150° and remain unchanged. The CO2-decane contact angles are much smaller than 
those from CO2-water and CO2-brine systems, by approximately 85°. The gas 
20 °C 
Gas region Liquid region 
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CO2-decane contact angle is around 28° for the pressure range from 0 to 50 bar at 
20 °C. It is difficult to obtain the CO2-decane interface when the pressure is over 50 
bar at 20 °C, since the CO2-decane minimum miscibility pressure (MMP) is around 
52~55 bar at 20 °C [13]. It was noted that the gas CO2 started to dissolve into the 
n-decane upon pressurization at around 53 bar during the experiment. The 
CO2-decane immiscible flows start to be miscible beyond the MMP, so that the 
CO2-decane interface cannot be observed in the capillary measurement zone under 
the microscope. Thus, the contact angles between liquid CO2 and n-decane in a 













     (a) 
 
(b) 
Figure 7.2 Contact angles for water-CO2, brine-CO2 and decane-CO2 in a FEP pore 
at 20 °C (a) and 40 °C (b) 
20 °C 
Gas region Liquid region 
40 °C 
Gas region Supercritical 
region 




To investigate the supercritical CO2-fluid contact angles, the CO2-water, CO2-brine 
and CO2-decane contact angles were measured in a FEP in a pressure range from 0 to 
100 bar at an elevated temperature of 40 °C (Figure 7.2 (b)). As shown in Figure 7.2 
(a), no significant contact angle deviations can be observed in CO2-water and 
CO2-brine systems at 20 °C. Similarly, contact angles from the CO2-water interfaces 
and CO2-brine interfaces in a FEP pore are also close at 40 °C. When the pressure is 
in the range from 0 to 70 bar, the gas CO2-water and gas CO2-brine contact angles in a 
FEP pore remain at around 118°, and the gas CO2-decane contact angles are around 28° 
at 40 °C.  
 
At 40 °C, CO2 changes from the gas phase to the supercritical phase when the applied 
pressure increases over the critical pressure (around 73 bar). As shown in Figure 7.2 
(b), when the pressure increases over 73 bar, the CO2-water and CO2-brine contact 
angles suddenly rise from 118° to 135°. When the pressure is further increased from 73 
to 100 bar, the supercritical CO2-water and supercritical CO2-brine contact angles 
remain at around 135°. The MMP of the CO2-decane system depends on the 
temperature applied. Elevated temperature induces an increase in MMP. At 40 °C, the 
estimated CO2-decane MMP is approximately around 81~82 bar [13], which exceeds 
the CO2 critical pressure of 73 bar. Thus, the interface between supercritical CO2 and 
n-decane in a pore could be established in this study. The CO2-decane pore contact 
angle increases from 28° to around 38° when the CO2 turns from the gas to the 
supercritical phase at 73 bar. The contact angle data at 40 °C indicates that the 
supercritical CO2 behaves as more oil-wet than gas CO2 in a FEP pore. The change in 
contact angle mainly occurs on the gas-supercritical CO2 phase transition boundary. 
Beyond the phase transition boundary, the contact angles remain unchanged. By 
comparing Figure 7.2 (a) and (b), it is worth noting that the supercritical CO2-water 
and supercritical CO2-brine contact angles are smaller than those for liquid CO2-water 
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and liquid CO2-brine by approximately 15°. It can be concluded that the CO2-fluid 
contact angles in a FEP pore (oil-wet) are significantly altered when the CO2 phase 
changes. The contact angles of CO2-water, CO2-brine and CO2-decane systems are in 
the order of θgasCO2<θsupercritical CO2<θliquidCO2, and the CO2-water and CO2-brine contact 
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7.3 CO2-fluid Contact Angles in a Water-wet Pore 
The CO2-fluid wetting phenomena in an oil-wet pore have been discussed by 
investigating the CO2-fluids contact angles in a FEP capillary. In this section, a glass 
capillary is used to study the CO2-fluid contact angle in a water-wet pore. Figure 7.3 
shows that the water-CO2, brine-CO2 and decane-CO2 contact angles remain at 
around 30°, 40° and 26° respectively, under a pressure range from 0 to 100 bar and at 
temperatures of 20°C and 40°C. The CO2 phase has insignificant effect on contact 
angles in a glass pore. 
 
Comparing the contact angles of water, brine and n-decane in a FEP pore and in a 
glass pore (Figure 7.2 and 7.3), it is clear that the CO2-water and CO2-brine contact 
angles in a glass pore are much smaller than those in a FEP pore by approximately 
85°~120°. The sudden contact angle swings in a FEP pore in the CO2 gas-liquid 
transition zone and in the CO2 gas-supercritical phase transition zone cannot be 
observed in a glass pore. It is worth noting that the brine-CO2 contact angle is 
significantly different from and larger by 10° than that of water-CO2 in a glass pore, 
but this difference cannot be observed in the FEP pore (Figure 7.2). Here it could be 
concluded that the contact angles of CO2-water, CO2-brine and CO2-decane systems 
are in the order of θgasCO2 θsupercritical CO2 θliquidCO2 and θbrine＞θwater in a hydrophilic 
pore.  
 




   (a) 
 
(b) 
Figure 7.3 Contact angles for water-CO2, brine-CO2 and decane-CO2 in a glass pore 
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The CO2-water/brine contact angle on a mineral surface has recently become a 
controversial issue, with reported results being inconsistent. Some studies report no 
effect of CO2 phase or pressure on the CO2-water/brine contact angle on a mineral 
surface [2-5]. On the other hand, others have observed a gradual or sudden significant 
alteration in CO2-water/brine contact angle on a mineral surface as pressure increases 
or the CO2 phase changes [6, 7, 9, 12, 14-17]. Saraji et al. explained that the 
discrepancies observed in these recent studies might result from the various cleaning 
methods, equilibration states of CO2 phases, and measurement conditions [1]. However, 
these might be complex and need to be assessed and confirmed further. This section 
reviews and discusses five recent studies by Espinoza and Santanmarina [4], 
Sutjiadi-Sia et al. [6], Jung and Wan [7], Saraji et al. [1] and Kaveh et al. [5]. The 
surface materials and geometries used, working liquids investigated and operating 



















Table 7.1 Summary of materials and operating conditions in the studies on 
CO2-liquid-mineral system from literatures 
 
Author Substrate material/geometry Working fluids Temperature 
(°C) Hydrophobic Hydrophilic 




























DI water, CO2(g), 
CO2(sc) 
40°C 
Jung and Wan[7]  ______ Silica plate DI water, brine (3M), 
CO2(g),CO2(sc) 
45°C 









It is known that the contact angles measured in a pore could represent the porous 
wetting phenomena better than those measured on flat substrates [18, 19]. Thus, the 
contact angles of a CO2-fluid-mineral system were measured in single micron-sized 
capillaries in this study. The FEP and glass capillaries were used to represent the 
oil-wet and water-wet pores respectively. In the studies by Espinoza and Santanmarina 
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[4], Sutjiadi-Sia et al. [6], Jung and Wan [7], Saraji et al. [1] and Kaveh et al. [5], the 
flat PTFE (poly tetra fluoro ethylene) substrates were used to present hydrophobic 
minerals, while flat glass, quartz, silica plates and planar sandstone substrate were used 
to represent hydrophilic minerals. All these studies mainly focused on the CO2-water 
contact angle measurements on mineral surfaces. In addition, Espinoza and 
Santamarina [4] and Jung and Wan [7] investigated the wetting of CO2-brine-mineral 
systems. The temperatures applied in these five previous studies ranged from 20 to 
45 °C. Since the critical temperature of CO2 is 31 °C, Espinoza and Santamarina [4] 
considered the CO2 in the gas and liquid phases, while Sutjiadi-Sia et al. [6], Jung and 
Wan [7], Saraji et al. [1] and Kaveh et al. [5] studied the CO2 in the gas and 
supercritical states. The hydrophobic and hydrophilic materials, operating temperatures, 
and experimental methods used in this work in fact differ from those used in previous 
studies, and thus might lead to a perfect comparison. However, it is still possible to 
indicate the effects of pressure and CO2 phase on CO2-fluid-mineral surface wetting. 
 
 
7.4.1 Hydrophobic Surface 
Figure 7.4 compares the experimental results in this study measured in a FEP pore with 
the experimental data from Espinoza and Santamarina [4] and Sutjiadi-Sia et al.[6]. It 
can be seen that the trends in our experimental data match those of Espinoza and 
Santamarina [4] very well. Espinoza and Santamarina also reported that the 
CO2-water-PTFE contact angle suddenly increased when the CO2 phase changed from 
gas to liquid, and the pressure did not affect the CO2-water-PTFE contact angle 
significantly if there was no phase change [4]. Our contact angles are larger than those 
of Espinoza and Santamarina [4], by 7° to 15°. This might be due to the different 
hydrophobic polymeric materials used. The minor effect of salinity on CO2-brine 
contact angle on a hydrophobic surface can also be observed in the experimental data 
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from Espinoza and Santamarina [4]. However, Sutjiadi-Sia et al. proposed that the 
CO2-water contact angle is greatly dependent on pressure, and gradually increased 
with pressure in the range from 0 to 100 bar.  
 
 
Figure 7.4 Comparison of our experimental contact angles measured in a FEP pore 
with values recently reported in the literature [4, 6] 
 
 
7.4.2 Hydrophilic Surface 
Figure 7.5 shows the CO2-water and CO2-brine contact angles on several hydrophilic 
surfaces in the present study and the literature. As discussed, the effect of pressure on 
CO2-water and CO2-brine contact angles in glass capillaries is not significant in our 
study, even in the CO2 phase transition zone. This agrees with the findings of  
Espinoza and Santamarina [4], Saraji et al. [1] and Kaveh et al. [5]. However, Jung and 
Wan [7], and Sutjiadi-Sia et al. [6] reported that the contact angles measured for 
CO2-water and CO2-brine system on a flat surface strongly depended on pressure and 
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CO2 phase.  
 
 
Figure 7.5 Comparison of our experimental contact angles measured in a glass pore 
with values recently reported in the literature [1, 4, 6, 7] 
 
In this study, the addition of salt (NaCl) (~200 g(NaCl)/kg(water)) in the brine does 
affect the CO2-water/brine contact angle in a glass pore. The CO2-brine contact angle 
is significantly larger than the CO2-water contact angle in a glass capillary by 10°. 
Similar observations were also made by Espinoza and Santamarina [4] and Jung and 
Wan [7] as shown in Figure 7.5. These phenomena have also been reported in other 
studies [9, 14, 20, 21]. For instance, Kim et al. and Sghaier et al. noted that the contact 
angle significantly increased with ionic strength on hydrophilic surfaces, but only very 
minor variations in contact angle with ionic strength were observed on hydrophobic 
surfaces [14, 20]. From Figures 7.4 and 7.5, it can be seen that Sutjiadi-Sia et al. may 
have needed more data to confirm their conclusion, as the gaps between their data 
points are large. 




The contact angles of CO2-water, CO2-brine and CO2-decane systems in small single 
oil-wet and water-wet pores [22] are presented in this chapter. The effect of CO2 
phase on the pore contact angle has been investigated [22]. The results indicate that 
the CO2-fluid wetting phenomenon in an oil-wet pore differs from that in a water-wet 
pore. 
 
(1) In an oil-wet pore, the CO2-brine contact angles are close to the CO2-water contact 
angles; θbrine ≈ θwater in an oil-wet pore. The effect of salinity on the pore contact 
angle is not significant in an oil-wet pore. CO2-water and CO2-brine contact angles 
are significantly larger than CO2-decane contact angles by 92° to 117°. The CO2 
phase change does affect the CO2-fluid contact angle. The effect of pressure on 
CO2-fluids contact angles is not significant when there is no CO2 phase change. 
The CO2-fluid contact angles in an oil-wet pore are in the order of θgasCO2<θsupercritical 
CO2<θliquid CO2.. 
 
(2) In a water-wet pore, the CO2-water, CO2-brine and CO2-decane contact angles in a 
glass capillary are approximately around 30°, 40° and 26° respectively. Salinity has 
a significant effect on the CO2-brine/water-glass pore contact angle in a water-wet 
pore; θbrine＞θwater. CO2 phase does not affect the CO2-fluid contact angle 
significantly in a water-wet pore; θgasCO2 θsupercritical CO2 θliquidCO2.  
 
The CO2-water/brine contact angle on mineral surface has become a controversial 
issue recently. The reported results are inconsistent. Some studies reported no effect of 
CO2 phase or pressure on the CO2-water/brine contact angle on mineral surface [2, 3, 
5]. On the other hand, others observed a gradual or sudden significant alteration of 
CO2-water/brine contact angles on mineral surface as pressure increase or CO2 phase 
change [4, 6, 7, 9, 12, 14-17]. Recent studies explained that the discrepancies observed 
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from these recent studies might result from the substrate surface characteristics, 
various cleaning methods, equilibration states of CO2 phases, salinities of brines and 
the measurement conditions [5]. 
 
The experimental results in this study confirm previous findings from Chalbaud et al. 
[3], Espinoza and Santamarina [4], and Kaveh et al. [5] which concluded that the 
CO2-fluid contact angle could be significantly altered on a hydrophobic surface when 
CO2 phase changes, but no clear trend of variation in contact angle with changes in 
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Chapter 8: CO2-water Displacements in a 
Sandstone Core Sample 
 
8.1 Introduction 
Geological carbon storage has emerged as one of the most promising approaches to 
mitigate the climate changes caused by global warming. Saline aquifer and depleted 
oil reservoirs have been regarded as having the largest CO2 storage capacities. In the 
context of CO2 storage, deep geological formations can be seen as capillary systems, 
in which fluid displacement mechanisms at pore scale mainly govern multiphase 
flow transport in porous media, especially in CO2 capillary/residual trapping process 
[1, 2]. A thorough understanding of CO2-fluid displacement behaviour is very 
important for long-term subsurface CO2 storage. The two-phase displacement 
behaviour in porous media is closely related to capillary pressure (Pc) and relative 
permeability (kr). The dependence of capillary pressure and relative permeability on 
water saturation (Sw) are the basic constitutive relationships required to predict CO2 
flows and capillary trapping during CO2 storage [3-5]. In this chapter, CO2-water 
displacement in sandstone is investigated by conducting CO2-water core flooding 
experiments, and the process is characterized by studying the capillary 
pressure-saturation curve (Pc-Sw), relative permeabilities (kr,water, kr,CO2) and water 
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8.2 Capillary Pressure-Saturation Curve and Water 
Production Behaviour 
 
 Capillary Pressure 
 
The capillary pressure-saturation (Pc-Sw) relationship is of significance for the 
characterization of two-phase flow transport in porous media. In this study, the 
displacement of water by CO2 in a sandstone core sample is investigated by 
considering the effects of pressure and CO2 phase (gas, liquid and supercritical). 
Capillary pressure (Pc) is defined as the pressure difference (ΔP) between gas and 
water bulk phases for small injection rates [2, 6, 7]. Since the viscous drag effect is 
negligible for low-velocity fluids with small viscosities, the pressure drop is close to 
the capillary pressure, as shown in Equation 8.1 [8]. In this study, capillary pressure 
(Pc) is measured as the pressure difference (ΔP) between the CO2 inlet (Pinlet, CO2) and 
the water outlet (Poutlet, water), as shown in Figure 8.1. 
 
                  
     
 
   
   
  
 
                     
 
              (8.1)               
 
where    is the pressure difference (Pa) between CO2 and water bulk phases, 
 
     
 
 is capillary pressure (Pc) based on Young-Laplace’s equation (   is 
CO2-water interfacial tension (mN/m),   is contact angle and d is pore diameter); 
 
   
  
 
                     
 
  is Posiseuille’s equation, representing the viscous drag 
effect from the two fluids (L is the total pore length, l is the length of each fluid, v is 
the flow velocity and   is the fluid viscosity. The viscosities ( ) of CO2 and water 
are small, ranging from 1.47×10-5 Pa·s to 8.05×10-5 Pa·s [9], and the injection 
velocity (v) is low in this study. Thus, the viscous pressure drop is small and the 
differential pressure (  ) roughly equals the capillary pressure (Pc).  





Figure 8.1 CO2-water core flooding 
 
 
 Water Saturation 
 
Figure 8.1 shows that the water pump collects cumulative water displaced from the 
core holder during the CO2-water drainage experiment. The water saturation (Sw) can 
be obtained from the volume change of water production by the water pump 
(Equation 8.2), as shown in Figure 8.1.  
 
        
            
  
                                             (8.2) 
 
where       is water saturation as a function of time,    is the volume of the water 
saturated in the sandstone core sample before the displacement (ml),           is 
the volume of water displaced from the sandstone core sample by CO2, which is 
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collected by the water pump, as shown in Figure 8.1. The final water saturation can 
be determined by weighting the sandstone core sample with residual water content at 
the end of the experiment. 
 
 Capillary Pressure-Satuation Relationship 
 
The capillary pressure-saturation curves (Pc-Sw) are obtained on the basis of the 
following assumptions [6]: 
 
1) The initial water saturation for primary drainage is 1.0. 
 
2) The water is considered as being incompressble under all pressurized conditions. 
 
3) The porosity and wetting condition are assumed to be insignificantly changed 
during the drainage process. 
 
4) Since the viscous pressure drop over the sample holder is negligible for small 
injection rates, the capillary pressure is defined as the difference between the CO2 
and water bulk phase pressures. 
 
Here a typical CO2-water displacement experiment is discussed which was 
conducted with a constant liquid CO2 injection rate (0.2 ml/min) at P = 75 bar and T 
= 20 °C (Figures 8.2 and 8.3).  
 








Figure 8.2 (a) Pressures at the inlet (CO2) and outlet (water) of the core holder and 
the differential pressure (capillary pressure) between the two ends of the core as a 
function of time; (b) Capillary pressure curve as a function of water saturation, at 75 
bar and 20 °C 




The pressures of the CO2 and water bulk phases (PCO2, Pwater) measured at the inlet 
and outlet of the core holder are shown in Figure 8.2 (a). The data indicates that both 
inlet and outlet pressures increased significantly with time at the beginning of the 
experiment (0~6 min). The CO2 inlet pressure was always higher than the water 
outlet pressure. During this period, the pressure difference between inlet and outlet 
increased significantly with time, from 0 to around 40 mbar. After around 10 min, the 
CO2 inlet and water outlet pressures remained at around 75.40 bar and 75.35 bar 
respectively. The differential pressure also tended to be stable. 
 
The capillary pressure (pressure difference between CO2 and water) is plotted as a 
function of water saturation in the sandstone core sample, as shown in Figure 8.2 (b). 
This indicates that the capillary pressure increases with decreasing water saturation. 
The pressure at point A is defined as the capillary entry pressure, also called 
threshold capillary pressure [10], which is around 35 mbar at around the water 
saturation of 0.9. It is difficult to drain water out of water-saturated porous media 
until the differential pressure reaches the capillary entry pressure [10]. When the 
pressure exceeds the capillary entry pressure, a plateau can be obtained. The capillary 
pressure slightly increases with decreasing water saturation within this plateau region. 
When the drainage process is completed, the water saturation approaches an 
irreducible value of residual water saturation (Scw) of around 0.3 (Point B). 
 
 
 Water Production Behaviour 
 
Figure 8.3 shows the cumulative volumes of CO2 injection and water production as a 
function of time. The CO2 was injected at a constant rate of 0.2 ml/min. The 
cumulative volume of CO2 injection increases linearly with time. It can be seen that 
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the cumulative volume of produced water also has a linear relationship with time. 
However, minor difference can be observed between them. The cumulative volume 
of water production is slighly smaller than that of CO2 injection during the 
displacement. In order to investigate the effects of pressure and the CO2 phase on the 
CO2 core flooding, the dynamic CO2-water drainage processes are separately 
discussed in the following sections for gas CO2-water, liquid CO2-water and 
supercritical CO2-water systems. 
 
 
Figure 8.3 Cumulative volumes of liquid CO2 injection and water production at 75 
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8.2.1 Experimental Results on Gas CO2-water and Liquid 
CO2-water Displacements 
8.2.1.1 Capillary Pressure-Saturation Curve 
The capillary pressure-water saturation (Pc-Sw) curves for gas CO2 displacing water 
at 10 bar and 30 bar, and liquid CO2 displacing water at 75 bar are shown in Figure 
8.4. These three capillary pressure-water saturation curves have similar trends. The 
capillary pressure significantly increases with decreasing water saturation from 1.0 to 
0.9. The significant dependence of capillary pressure on water saturation cannot be 
observed between water saturation values of 0.90 to 0.45. In this range, the capillary 
pressures remain around 40 mbar, 52 mbar and 60 mbar at 10 bar, 30 bar and 75 bar 
respectively. The capillary pressure suddenly rises beyond the water saturation of  
0.45. The gas CO2-water displacements are completed at similar connate water 
saturations at 10 bar and 30 bar, which are approximately around 0.40. The liquid 
CO2-water displacement give a lower connate water saturation, which is around 0.30.  
      
Figure 8.4 Capillary pressure-water saturation curves for gas CO2-water 
displacements at 10 bar and 30 bar and liquid CO2-water displacement at 75 bar 




It is obvious that the magnitude of capillary pressure is significantly affected by the 
pressure applied. This pressure dependence of capillary pressure could be a result of 
CO2-water interfacial tension [11]. The CO2-water interfacial tenions at 10 bar, 30 
bar and 75 bar are 65 mN/m, 50 mN/m and 35 mN/m respectively [8]. The capillary 
pressure curves are normalized according to the interfacial tension, as shown in 
Figure 8.5. Pc/γ is plotted as a function of water saturation (Sw). Small deviations can 
be observed here in the normalized pressure curves at these three applied pressures. 
Thus, it can be concluded that the effect of pressure on CO2-water drainage capillary 
pressure is significant, because the capillary pressure is proportional to the interfacial 
tension based on the Young-Laplace equation. 
 
 
Figure 8.5 Drainage capillary pressures normalized by the interfacial tension (Pc/γ) 
for different CO2 pressures 
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8.2.1.2 Water Production 
Figure 8.6 describes the CO2 injection and water production behaviour of gas 
CO2-water displacements at 10 bar and 30 bar, and liquid CO2-water displacement at 
75 bar. The CO2 was injected into the water-saturated sandstone core sample at a 
constant injection rate of 0.2 ml/min. For gas CO2 displacing water, the cumulative 
volume of produced water is significantly smaller than that of injected CO2. The 
difference becomes increasingly significant over time. At the end of the experiment, 
the cumulative volume of injected CO2 is more than that of water produced by 
appoximately 50%. This remarkable disagreement between CO2 injection and water 
production for gas CO2 displacing water can be explained by the significant 
dissolution of gas CO2 into water and the high compressibility of gas CO2. On the 
other hand, for liquid CO2-water displacement, the deviation between the cumulative 
volumes of liquid CO2 injection and water production is insignificant. The results 
also indicate that less time is consumed by liquid CO2 displacing water rather than 
gas CO2 displacing water. For the CO2 injection rate of 0.2 ml/min, the gas 
CO2-water displacement and liquid CO2-water displacement can be completed after 
50 min and 30 min respectively, as shown in Figure 8.6. Plug and Bruining studied 
water production behaviour in CO2-water displacements in a CO2-water-sand 
packing system (Figure 8.7) [6]. They also observed a pronounced gas CO2 
dissolution effect when gas CO2 drainaged water [6]. Comparing Figures 8.6 and 8.7, 
good agreement can be found between the present experimental data and Plug and 











Figure 8.6 Cumulative volumes of CO2 injection and water production at 10 bar, 30 
bar and 75 bar at a CO2 injection rate of 0.2 ml/min 
 
 
Figure 8.7 Plug and Bruining’s experimental data for cumulative volumes of water 
production for gas CO2 injection (atmospheric conditions) and liquid CO2 injection 
(85 bar), with both gas CO2 and liquid CO2 at an injection rate of 0.5ml/h [6] 
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8.2.2 Experimental Results on Supercritical CO2-water 
Displacement 
8.2.2.1 Capillary Pressure-Saturation Curve 
Supercritical CO2-water displacement was studied at 75 bar and 40 °C. Figure 8.8 
shows the capillary pressure-water saturation (Pc-Sw) curve for supercritical CO2 
displacing water, which is compared with those from gas CO2-water and liquid 
CO2-water displacement. The results shows significant irregular capillary 
pressure-water saturation behaviour for supercritical CO2 displacing water. Marked 
pressure fluctuations can be observed for the supercritical CO2-water displacement, 
whereas steady capillary pressure-water saturation curves for gas and liquid CO2 




Figure 8.8 Capillary pressure-water saturation curves for supercritical CO2-water 
displacement (75 bar, 40 °C), gas CO2-water displacement (10 bar, 20 °C) and liquid 
CO2-water displacement (75 bar, 20 °C) 




The supercritical CO2-water capillary pressure dramatically increases from 0 to 55 
mbar as the water saturation decreases from 1.0 to 0.9 at the beginning of the 
drainage, and reaches a peak pressure value of 55 mbar at water saturation of around 
0.8. For this water saturation range (1.0 to 0.8), the capillary pressure trend of 
supercritical CO2-water displacement is similar to that from gas CO2-water 
displacement. When the water saturation decreases from 0.8 to 0.6, the supercritical 
CO2-water capillary pressure significantly drops from 55 to around 45 mbar. As the 
water saturation decreases further from 0.6 to the connate water saturation of 0.3, the 
capillary pressure tends to remain stable at around 40 mbar. In this range, the 
capillary pressure-saturation behaviour is slightly lower than and close to that from 
liquid CO2-water displacement. This could be explained by the effect of CO2-water 
interfacial tension. The supercritical CO2-water interfacial tension is much smaller 
than that for gas CO2-water but close to that of liquid CO2-water interfacial tension, 
which is around 30 mN/m. The supercritical CO2-water interfacial tension reported 
recectly in the literature ranges from 27.2 to 35.4 mN/m [12-16]. However, the effect 
of CO2-water interfacial tension cannot contribute to the significant capillary 
pressure fluctuation in the water saturation range from 1.0 to 0.6.  
 
This implies that other mechanisms might influence the capillary pressure at or near 
the CO2 critical condition. Plug and Bruining also observed significant capillary 
presure fluctuations with the CO2 supercritical condition by studying the 
sand-CO2-water system in unconsolidated sand packing with high permeability [6]. 
They stressed that the complex displacement behaviour observed for the supercritical 
CO2-water system could be explained by phase instabilities in the vicinity of the 
critical point [6]. Other studies have also reported that the complexity of the phase 
behaviour of CO2 could also significantly affect the density and viscosity of CO2, and 
thus greatly change CO2-fluid displacement behaviour in pores [17-19]. These 
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relevant explanations proposed in previous work might contribute to the irregular 
supercritical CO2-water displacement behaviour, but the real underlying mechanisms 
need to be further explored and clarified.  
 
In order to investigate the effect of CO2 injection rate on CO2-water capillary 
pressure, CO2 injection rates of 0.1~0.6 ml/min were employed in this study. Figure 
8.9 shows the capillary pressure-water saturation curves for the supercritical 
CO2-water displacements with different CO2 injection rates. Higher capillary 
pressures can be measured when higher injection rates are applied. The capillary 
pressures range from 0 to 45 mbar, 0 to 55 mbar, 0 to 61 mbar and 0 to 70 mbar at 
the CO2 injection rates of 0.1, 0.2, 0.4 and 0.6 ml/min respectively. It is worth noting 
that the results shown in Figure 8.9 can further support the findings shown in Figure 
8.8. The significant capillary pressure fluctuations and instabilities can also be 
observed for supercritical CO2 displacing water at other CO2 injection rates.  
 
Figure 8.9 Capillary pressure-water saturation curves for a supercritical CO2-water 
system at CO2 injection rates of 0.1, 0.2, 0.4 and 0.6 ml/min 
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8.2.2.2 Water Production 
The water production behaviour from gas CO2-water and liquid CO2-water 
displacement has been shown in Figure 8.6 and discussed in section 8.2.1.2. The 
liquid CO2-water displacement shows a linear relationship between the cumulative 
volume of water production and time. The cumulative volume of water production is 
almost equal to that from CO2 injection. Due to the pronounced effect of gas CO2 
dissolution, the amount of water produced is significantly less than the amount of 
CO2 injected. Thus, a less linear water production curve and smaller amounts of 
water are produced from gas CO2-water displacement. As discussed, the supercritical 
CO2-water system exhibits significantly irregular behaviour in terms of capillary 
pressure. This can be also reflected in its water production behaviour. As shown in 
Figure 8.10 (a), the water production behaviour for the supercritical CO2-water 
system is very different from that for gas CO2-water and liquid CO2-water systems. 
At the beginning of the displacement process, water production dramatically 
increases. Water production is greater than the CO2 injection, which leads to a very 
high water production rate of around 0.48 ml/min. After around 8 minutes, this 
increase becomes less significant. The water production rate tends to equal the CO2 
injection rate of 0.2 ml/min. From Figure 8.10 (b), it can be seen that the water 
production rate transition point (8 min) corresponds to the end of the significant 
fluctuation in capillary pressure. Figure 8.10 (a) also indicates that the time 
consumed for the completion of CO2-water displacement for supercritical CO2 
displacing water is the shortest. It can be concluded that the time (t) required for the 
completion of CO2-water displacement is in the order of tsupercritical CO2 < tliquidCO2 < 
tgasCO2. 
 








Figure 8.10 Water production behaviour during supercritical CO2-water 
displacement. (a) comparison of water production behaviour of gas CO2-water, liquid 
CO2-water and supercritical CO2-water systems; (b) water production behaviour and 
capillary pressure as a function of time for supercritical CO2-water displacement 




From this study, it is believed that the dramatic variation in CO2 density near the 
critical point could be one of the possible reasons leading to the significant volume 
imbalance between water production and CO2 injection in supercritical CO2-water 
displacement. Figure 8.11 shows the significant and sudden CO2 density swing in the 
vicinity of the critical point of 31 °C at 75 bar. For instance, the densities of CO2 are 
661.10 kg/m
3
 at 30 °C and 365.93 kg/m
3
 and 32 °C. This small temperature increase 
of 2 °C could cause a significant volume expansion of CO2 by roughly 200%. Thus, 
in this study, the higher water production than CO2 injection in supercritical 
CO2-water displacement is a result of the remarkable variation in CO2 density near 
the critical point.  
 
 
Figure 8.11 Densities of liquid CO2 and supercritical CO2 from 20 to 40 °C at 75 bar 
[9] 
 
In order to further confirm this irregular water production behaviour for supercritical 
CO2-water displacement, the water production was also studied at other supercritical 
CO2 injection rates. Figure 8.12 indicates the behaviour of water production and CO2 
Chapter 8                                       CO2-water Displacements in a Sandstone Core Sample 
181 
 
injection for a supercritical CO2-water system at various supercritical CO2 injection 
rates of 0.1, 0.2, 0.4 and 0.6 ml/min. It can be seen that the irregular water production 
behaviour by supercritical CO2 injection at an injection rate of 0.2 ml/min can also be 
observed at other injection rates.  
 
Figure 8.12 Cumulative water production and CO2 injection for the supercritical 
CO2-water system at various supercritical CO2 injection rates of 0.1, 0.2, 0.4 and 0.6 
ml/min 
 
In order to more explicitly show the irregular water production behaviour of the 
supercritical CO2-water displacement, the water production rate is normalized by the 
CO2 injection rate as a function of water saturation, so that the effect of CO2 injection 
rate can be eliminated. The normalized water production rate is defined as the ratio 
of water production rate to CO2 injection rate. If the CO2 can completely effectively 
displace the water, the normalized water production rate should always remain 
constant at 1.0 with decreasing water saturation.  
 
In Figure 8.13, the normalized water production rate for supercritical CO2 injection is 
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compared with those from gas CO2 injection and liquid CO2 injection. The 
normalized water production rate of liquid CO2-water system remains at a constant 
value of approximately 0.95, which is close to 1.0. Due to the significant gas CO2 
dissolution effect, the normalized water production rate of gas CO2 injection is 
smaller than those from liquid CO2 injection by approximately 0.3, and does not vary 
significantly with water saturation although some minor deviations can be observed. 
On the other hand, the normalized water production rate of supercritical CO2 
injection gives a very different trend, which is larger than 1.0. It gives a non-linear 
correlation with water saturation. The significant non-linear behaviour ranges from 




Figure 8.13 Normalized water production rates of gas CO2-water, liquid CO2-water 
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8.3 CO2-water Relative Permeability Curves 
The effective permeability of flow through porous media varies insignificantly in a 
single-phase system because there is no change in fluid saturation. However, in a 
multiphase flow system, the effective permeability of each phase will vary with its 
corresponding saturation in the porous medium. Relative permeability is a measure 
of the conductance of a porous medium for one fluid when the medium is saturated 
with more than one fluid. It can be used to define the effective permeability of each 
phase as a dimensionless function of wetting fluid saturation ranging from 0 to 1. 
Relative permeability data can be applied to characterize the multiphase flow 
transport behaviour in reservoir rock and to model a particular process; for example, 
fractional flow and fluid distribution for complex multiphase flows in porous systems 
for enhanced oil recovery and carbon storage purposes.  
 
The equations of van Genuchten (VG) [20], commonly applied to two-phase systems 
in the petroleum industry, are used to describe the capillary pressure, wetting-phase 
and non-wetting-phase relative permeabilities, by fitting a set of parameters (P0, m). 
The equations are: 
 
         
                                                      (8.3) 
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                                      (8.5) 
 
where Pc is capillary pressure,     and       are the relative permeabilities of the 
wetting phase and non-wetting phase respectively, the effective water saturation 





        
       
,    is water saturation,       is the irreducible saturation (connate 
water saturation), P0 is capillary entry pressure and m is a fitting parameter. 
 
Equation 8.3 is used in this study to describe the capillary pressure-water saturation 
data (Pc-Sw), by fitting the parameters (P0,m) in the VG model. Once the fitting 
parameter (m) is obtained from Equation 8.3, Equations 8.4 and 8.5 can be used to 
predict the CO2-water relative permeability curves for gas CO2-water, liquid 
CO2-water and supercritical CO2-water displacements. The curve fitting results for 
the experimental data using Equations 8.3 are presented in Figure 8.14 and the fitted 















Figure 8.14 Experimental capillary pressure data and curve fitting using the van 
Genuchten (VG) equation for: (a) gas CO2-water, liquid CO2-water and supercritical 
CO2-water systems at injection rate of 0.2 ml/min; and (b) supercritical CO2-water 
system at various CO2 injection rates of 0.1, 0.2, 0.4 and 0.6 ml/min 
 




Table 8.1 Relative permeability function parameters 
 
Systems P0 m 
GasCO2-water (10 bar, 0.2ml/min) 62 1.05 
GasCO2-water (30 bar, 0.2ml/min) 50 1.05 
LiquidCO2-water (75 bar, 0.2ml/min) 40 1.05 
SuperciticalCO2-water (75 bar, 0.1ml/min) 35 0.87 
SuperciticalCO2-water (75 bar, 0.2ml/min) 42 0.87 
SuperciticalCO2-water (75 bar, 0.4ml/min) 50 0.87 
SuperciticalCO2-water (75 bar, 0.6ml/min) 61 0.87 
 
The fitting parameters shown in Table 8.1 are used to predict the relative 
permeabilities (       ,       ) of the wetting phase (water) and non-wetting phase 
(CO2). Figure 8.15 shows the relative permeabilities as a function of water saturation 
for gas CO2-water, liquid CO2-water and supercritical CO2-water displacements. It 
can be seen that all these three systems give similar relative permeability trends. The 
relative permeability of water (wetting fluid) non-linearly decreases from 1.0 to 0 
with decreasing water saturation from 1.0 to the connate water saturation (Scw) 
around 0.3~0.4. On the other hand, the relative permeability of CO2 (non-wetting 
fluid) increases from 0 to 1.0 with decreasing water saturation from 1.0 to the 
connate water saturation (Scw) around 0.3~0.4.  




Figure 8.15 Relative permeability curves for gas CO2-water, liquid CO2-water and 
supercritical CO2-water displacements 
 
Some deviations can be observed in the gas CO2-water, liquid CO2-water and 
supercritical CO2-water relative permeability curves. The supercritical CO2-water 
system and the gas CO2-water system give the highest and lowest water relative 
permeabilities (kr,water) respectively, at the same water saturation. This may indicate 
that water can be expected to be displaced more easily by supercritical CO2 than by 
liquid CO2 and gas CO2. It is most difficult for gas CO2 to displace water. This also 
agrees with the findings concerning water production behaviour for gas CO2-water, 
liquid CO2-water and supercritical CO2-water systems discussed in the last section. 
Meanwhile, the gas CO2-water system has a higher CO2 relative permeability (kr,CO2) 
than those from liquid CO2-water and supercritical CO2-water systems at the same 
water saturation condition. In addition, the equivalent points of the relative 
permeabilities (kr,nw=kr,w) of water and CO2 for gas CO2-water, liquid CO2-water and 
supercritical CO2-water systems are different, at approximately 0.70, 0.66 and 0.62 
respectively. Plug and Buining also studied CO2-water drainage behaviour for gas 
CO2-water, liquid CO2-water and supercritical CO2-water displacement in a 
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sand-packed bed [6]. Here, the relative permeability curves are predicted by their 
experimental data, as shown in Figure 8.16. Comparing Figures 8.15 and 8.16, the 
relative permeability of CO2 and water trends predicted based on Plug and Buining’s 
data are similar to the present results.  
 
 
Figure 8.16 Relative permeability curves predicted based on Plug and Bruining’s 



















Two-phase core flooding experiments for gas CO2-water, liquid CO2-water and 
supercritical CO2-water displacements were carried out in a sandstone core sample 
considering the effects of CO2 phase, pressure and CO2 injection rate. The capillary 
pressure, water production behaviour and relative permeabilities have been studied. 
The results have good consistency with data from the literature. The results indicate 
the following: 
 
 Capillary pressure-water saturation curve 
 
Steady capillary pressure-saturation curves can be measured for gas CO2-water and 
liquid CO2-water displacement. The effect of pressure on CO2-water capillary 
pressure is significant, since the capillary pressure is proportional to the interfacial 
tension based on the Young-Laplace equation. Significant irregular 
pressure-saturation behaviour is observed for the supercritical CO2-water 
displacements. The complex displacement behaviour observed for supercritical CO2 
draining water could be caused by phase instabilities in the vicinity of the critical 
point. The complexity of the phase behaviour of CO2 could significantly affect the 
density of the CO2 [17-19], and thus its mobility in pores. The results also indicate 
that the drainage capillary pressure is proportional to the CO2 injection rate. Higher 
drainage capillary pressure is measured when a higher CO2 injection rate is used.  
 
 
 Water production behaviour 
 
For the gas CO2-water system, the cumulative volume of water production is 
dramatically smaller than the cumulative volume of CO2 injection. The difference 
becomes more and more significant as time passes. The discrepancy between the 
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CO2 injection and water production for gas CO2 displacing water can be explained by 
the significant dissolution of gas CO2 in water. However, this significant deviation 
cannot be observed for liquid CO2 displacing water. The liquid CO2-water drainage 
gives a linear relationship between water production volume and time. The 
cumulative volume of water production almost equals the cumulative CO2 injection 
volume. For the supercritical CO2-water system, irregular water production curves 
are obtained. These further confirm the irregular pressure observations for 
supercritical CO2 displacing water. The results also indicate that the time (t) 
consumed for the completion of CO2-water displacement is in the order of tsupercritical 
CO2 < tliquidCO2 < tgasCO2. 
 
 
 Relative permeability curve 
 
The relative permeability curves for water and CO2 in gas CO2-water, liquid 
CO2-water and supercritical CO2-water systems were predicted based on the 
experimental capillary pressure data, using the van Genuchten (VG) model. The 
results indicate that the supercritical CO2-water system gives the highest relative 
permeability of water and the lowest relative permeability of CO2. Water is most 
easily displaced in the supercritical CO2-water system. The gas CO2-water system 
gives the lowest relative permeability of water and the highest relative permeability 
of CO2. It is most difficult to drain water using gas CO2.  
 
The difference between the CO2 core flooding experimental studies in this project 
and previous studies is that all the phases of CO2 including gas, liquid and 
supercritical CO2 are considered in this study. In addition, the water production 
behaviours for gas/liquid/supercritical CO2-water displacements are also 
systematically investigated. This was rarely studied in previous work.  
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Chapter 9: Conclusions and Further Work 
 
The ultimate goals of this study are to advance the understanding of the wetting 
phenomena of fluids and gas/liquid/supercritical CO2 in micron-sized pores, and to 
investigate the gas/liquid/supercritical CO2-water displacements in porous media 
using core flooding experiments. The results obtained are of fundamental importance 
for both CO2 storage and enhanced oil recovery (EOR) processes.  
 
Since measuring contact angles on non-flat substrates remains a challenge and few 
direct measurements have been carried out in a pore to determine pore wetting, a 
novel technique is developed in this study to directly measure the contact angles of 
liquids and CO2 in a micron-sized single pore instead of conventional wetting 
measurements on a planar substrate. The main findings are highlighted below,  
 
9.1 Pore Wetting of Reservoir Fluids 
The contact angles of liquids were measured in single micron-sized transparent 
capillaries using an optical microscope. The results indicate that the pore contact 
angle is not θ=0
0
, which is commonly assumed and applied in most calculations, 
modeling and simulations of multiphase flow transport in porous media. Contact 
angles measured in a small glass capillary differ from and are larger than the contact 
angles measured on a flat glass surface in an open space. The effects of curved 
geometry or confinement, three-phase line curvature and line tension in a glass 
capillary might cause the difference. In addition, the different vapor saturation 
conditions on a flat surface and in small pores could also be one of the reasons.  
 
Chapter 9                                                        Conclusions and Further Work 
195 
 
The dynamic contact angles of liquids with various surface tensions and viscosities 
were also studied in liquid imbibition experiments in a micron-sized glass pore. The 
dynamic pore contact angle increases monotonically with the interfacial velocity 
(imbibition rate). The surface tension and viscosity of liquids do affect the dynamic 
contact angle in a pore. A small surface tension tends to favour the variation of 
dynamic contact angle with interface velocity. Liquids with higher viscosity have a 
more significant effect on the dynamic pore contact angle. A new empirical 
correlation is developed based on the experimental data which can predict the 
dynamic pore contact angle. In addition, the dynamic contact angle data is also 
described using Blake’s molecular-kinetic theory. 
 
Contact angle depends not only on surface tension but also on chemical molecular 
structure in some cases. In a hydrophilic glass pore, polar amphiphilic organics with 
functional groups have larger pore contact angles than non-polar organics, and in the 
order of θ-OH > θ-NH2 ≈ θ-COOH. The pore contact angle of amphiphiles increases with 
straight alkyl chain length. The structure of the alkyl chain of amphiphiles has an 
effect on glass pore wetting. The straight alkyl chain contributes most to the pore 
contact angle and the side chain on the carbon of backbone tends to reduce the pore 
contact angle. However, all these findings cannot be applied to hydrophobic surfaces. 
The chemical structure of amphiphiles does not contribute to the contact angle in an 
oil-wet pore.  
 
9.2 Gas/Liquid/Supercritical CO2-fluids Pore Wetting 
The pore contact angles of gas/liquid/supercritical CO2-fluid (water/brine/n-decane) 
systems were measured in micron-sized single oil-wet and water-wet pores. The 
effect of CO2 phase on the contact angles of CO2-fluids is considered in this study.  
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In an oil-wet pore, the CO2 phase does significantly affect the CO2-fluid pore contact 
angle. The effect of pressure on CO2-fluid contact angles is not significant when there 
is no CO2 phase change. The CO2-fluid contact angles in an oil-wet pore are in the 
order of θgasCO2<θsupercriticalCO2<θliquidCO2.. The CO2-brine contact angles are similar to 
those of CO2-water in an oil-wet pore; θbrine ≈ θwater. No effect of salinity on pore 
contact angle is observed in an oil-wet pore. On the other hand, CO2 phase does not 
have a profound impact on CO2-fluid contact angle in a water-wet pore; 
θgasCO2 θsupercritical CO2 θliquidCO2 in a water-wet pore. Salinity has a significant effect on 
the CO2-brine-glass pore contact angle in a water-wet pore; θbrine＞θwater.  
 
9.3 Gas/Liquid/Supercritical CO2-water Displacements in 
Sandstone Core Sample 
Gas/liquid/supercritical CO2-water core flooding experiments were carried out in a 
sandstone core sample, considering the effects of CO2 phase, pressure and CO2 
injection rate. The capillary pressure, CO2 injection and water production behaviour 
and relative permeability are studied.  
 
Significant pressure-dependent capillary pressures were measured for CO2-water 
displacement, as a result of CO2-water interfacial tension. Steady capillary 
pressure-saturation curves are obtained for gas CO2-water and liquid CO2-water 
systems. Significant irregular pressure-saturation curves and complex displacement 
behaviour are obtained for the supercritical CO2-water displacements. This could be 
caused by phase instabilities in the vicinity of the critical point. The results also 
indicate that capillary pressure is proportional to the CO2 injection rate. Higher 
drainage capillary pressure is obtained when a higher CO2 injection rate is used.  
 
For the gas CO2-water system, the cumulative volume of water production is 
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significantly smaller than the cumulative volume of CO2 injection. The difference 
becomes more and more significant over time. This is attributed to the significant 
level of gas CO2 dissolution in water. On the other hand, this significant deviation 
cannot be observed for liquid CO2-water displacement. Liquid CO2-water drainage 
gives a linear relationship between water production volume and time. The 
cumulative volume of water production almost equals the cumulative volume of CO2 
injection. For the supercritical CO2-water system, an irregular water production 
curve is obtained. The relative permeability curves for water and CO2 are predicted 
based on the experimental capillary pressure data, using the van Genuchten 
equations.  
 
9.4 Future Works 
 Due to the limitations of the optical microscope used in this study, it was difficult 
to obtain a clear image of liquid meniscus for liquid in pores with sizes less than 
100 μm. Thus, contact angle measurements for those pore sizes were not involved 
in this study. The measurement error of the contact angles measured in small 
capillaries is larger than that in large pores. Thus, the microscopic pore contact 
angle measurement technique will be improved in order to further minimize the 
effect of distortion on contact angle in a pore and thus improve the accuracy of 
contact angle measurement in small capillaries. 
 
 Some conditions considered in this study are far from real-world subsurface 
conditions in oil reservoirs and aquifers. More systematic studies of pore contact 
angle and core flooding experiments need to be conducted, which should consider 
more factors such as high temperature and pressure, brine composition and salinity, 
the complexity of crude oil, porous surface roughness and pore heterogeneity.  
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 For the dynamic imbibition studies on dynamic pore contact angles in a single 
capillary, the interfaces considered in this study are liquid-air interfaces. The work 
can be extended to investigate liquid-liquid dynamic contact angles in a single 
capillary, such as in water-oil imbibition dynamics. In addition, dynamic pore 
wetting should also be studied at high imbibition rates at high interface velocity in 
a high capillary regime. Furthermore, because of the significance of the wetting 
line friction coefficient in Blake’s molecular-kinetic theory, these coefficients for 
other liquids in pores in different materials need to be estimated in future work.  
 
 Most of the contact angle measurements in this project were performed in a glass 
pore. Glass is a strongly water-wet, hydrophilic and high-energy material. Some 
findings using the glass surface here might be unique and have some limitations. In 
order to investigate the validation of the findings obtained in a glass pore for other 
surfaces, more substrates should be used, such as weakly water-wet and neutral-wet 
surfaces.  
 
 Most of the contact angles measured by our pore contact angle measurement 
technique are equilibrium/static contact angles in a small pore. In order to describe 
pore wetting phenomenon more accurately and comprehensively, it is 
recommended that advancing and receding pore contact angles should be measured 
in our future work, especially for the CO2-fluid contact angle measurements under 
high pressure, by further developing the pore contact angle measurement 
technique. 
 
 For the CO2 flooding experiments, a sandstone core sample was used in this study. 
Due to the geological complexity of CO2 storage, other types of core samples 
should also be considered such as oil-wet rocks and carbonates. Furthermore, brine, 
oil or other reservoir fluids should also be involved in CO2 core flooding 
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experiments. It would also be worth to further investigating the unstable and 
irregular supercritical CO2-water displacement behaviour in the vicinity of the CO2 
critical condition.  
 
Many industrial processes, such as fuel cell, carbon storage and enhanced oil 
recovery, are engineering scale processes, but they are predominantly controlled by 
the pore wetting and displacement of fluids in porous media. Thus, experimental 
studies of pore-scale wetting and displacement of CO2 and fluids in this project could 
advance the understanding of long-term subsurface storage of CO2 and oil recovery 
efficiency.  
 
